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ABSTRACT 
 Iron metabolism is an integral part of life for most organisms.  Despite its 
essentiality, iron can also become toxic.  There are many aspects to maintaining iron 
balance within the cell.  The aim of this work is to provide insight into the function of 
several components involved in bacterial iron homeostasis.  This work is significant for the 
development of novel antibiotics for treating resistant or pathogenic bacteria.  Herein, it is 
shown that nickel can disrupt normal bacterial iron metabolism and that bacterial resistance 
can be affected by expression of iron acquisition genes.  Once iron is obtained by the cell, 
it can be used to synthesize iron-sulfur clusters which are incorporated into many 
metalloenzymes.  The shuttling of iron-sulfur clusters is carried out by A-Type carrier 
proteins and glutaredoxins.  This important step is required for bacterial cell survival and 
provides another novel target for the development of drug treatment options. 
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CHAPTER 1 
INTRODUCTION 
Iron  
Iron is an essential trace metal that can be found in virtually all organisms from 
bacteria to humans.  In humans, iron is required for heme biosynthesis and oxygen transport 
(Abbaspour et al., 2014).  Bacteria use iron for DNA biosynthesis (Ratledge and Dover, 
2000; Brown et al., 1969; Ehrenberg and Reichard, 1972; Messenger and Barclay, 1983; 
Andrews et al., 2003) and amino acid biosynthesis (Ratledge and Dover, 2000; McCandliss 
and Herrmann, 1978; McCandliss et al., 1978; Ray and Bauerle, 1991; Stephens and 
Bauerle, 1991).  The struggle of maintaining iron homeostasis between humans and 
bacteria can lead to pathogenesis (Skaar, 2010).   
Iron is a first-row transition metal that can be found in the Earth’s crust.  The 
incompletely filled d orbitals of iron allows its oxidation states to range from Fe2- to Fe7+ 
(Ilbert and Bonnefov, 2013; Lu et al., 2016).  At physiological pH, ferrous and ferric iron 
are most common and biologically relevant.  Atmospheric oxygen levels started to increase 
about 2.5 billion years ago changing iron bioavailability from the soluble ferrous (Fe2+) 
state to the oxidized and less soluble ferric (Fe3+) state (Boyd et al., 2014; Anbar et al., 
2007; Anbar, 2008) causing microorganisms to evolve and develop new ways to 
metabolize iron and oxygen.  Intracellular redox cycling of enzymes produces hydrogen 
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peroxide and superoxide (Imlay, 2015).  Ferrous iron (Fe2+) and hydrogen peroxide (H2O2) 
react to form a free hydroxyl radical (OH•) which can cause oxidative damage.  This 
process is referred to as the Fenton reaction (Koppenol, 2001; Koppenol, 1993; Fenton, 
1876; Fenton, 1894; Fenton, 1896).  Hydrogen peroxide can further react with the hydroxyl 
radical to form superoxide (O2•-).  Superoxide will then react with hydrogen peroxide to 
form a hydroxyl radical: Haber – Weiss reaction (Haber and Weiss, 1932). This chain 
reaction is terminated by ferrous iron and the hydroxyl radical generating ferric iron and 
water (Figure 1.1).  In order to address the deleterious effects of superoxide and hydrogen 
peroxide, bacterial cells employ superoxide dismutases to degrade superoxide and 
peroxidases or catalases to degrade hydrogen peroxide.  In Escherichia coli (E. coli), this 
process is partly regulated by OxyR (Pomposiello and Demple, 2001).  The abundance and 
redox potential of iron allows its incorporation into many enzymes.  Iron is required for 
bacterial cell survival and growth due to its essentiality in catalytic and electron transport 
processing such as oxidative phosphorylation (Kashket and Brodie, 1963), cellular 
respiration (Rainnie and Bragg, 1973), DNA synthesis, aromatic biosynthesis (McCandliss 
and Herrmann, 1978; McCandliss et al., 1978; Ray and Bauerle, 1991; Stephens and 
Bauerle, 1991), and DNA biosynthesis (Brown et al., 1969; Ehrenberg and Reichard, 1972; 
Messenger and Barclay, 1983; Andrews et al., 2003).  The essentiality and potential 
toxicity of iron is addressed by tight intracellular regulation of iron.  Iron also plays an 
auto-regulatory role in maintaining iron homeostasis.  When iron is limiting in E. coli, the 
homodimeric protein Fur or ferric uptake regulator protein cannot bind to its own promoter 
region of DNA and repress transcription of iron acquisition genes.  However, when iron is 
in excess, iron-bound Fur is active and can bind to its own promoter region and repress 
3	  
 
Figure 1.1. Fenton and Haber – Weiss reaction. 
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expression of at least 80 iron acquisition genes (Figure 1.2; Andrews et al., 2003; Seo et 
al., 2014; Keseler et al., 2011; McHugh et al., 2003; Semsey et al., 2006). 
 
Iron Acquisition Pathways 
Escherichia coli K-12 can acquire iron using several pathways:  FecA, FhuA, Feo, 
and FepA.  When iron is limiting, ferric citrate can be used as a sole iron source using the 
ferric citrate transport system.  This system can be regulated by an outer membrane protein 
FecA (Welz and Braun, 1998; Harle et al., 1995), a cytoplasmic membrane protein FecR 
(Ochs et al., 1995; Van Hove et al., 1990), and FecI which is located in the cytoplasm 
(Angerer et al., 1995; Crosa, 1997; Enz et al., 1995; Ochs et al., 1996).  FecA is an outer 
membrane transport protein that binds ferric citrate (Braun et al., 2003; Wagegg and Braun, 
1981) and transports it to the periplasmic binding protein, FecB.  FecC, FecD, and FecE 
further transports ferric citrate in the cytoplasmic membrane (Pressler et al., 1988; 
Staudenmaier et al., 1989).  FhuA transports ferrichrome (Schultz-Hauser et al., 1992; 
Ferguson et al., 1998; Locher et al., 1998) and Feo transports ferrous iron (Kammler et al., 
1993).  In general, FepA is responsible for the majority of iron uptake when iron is limiting.  
Enterobactin is a siderophore or high affinity iron-binding small molecule that binds to the 
outer membrane protein FepA.  Ferric-enterobactin is further transported from FepA to 
FepB in the periplasm, and FepCDG in the inner membrane space (Larsen et al., 1997; 
Braun, 1995).  The backbone of intracellular Fe3+–enterobactin is then hydrolyzed by the 
esterase Fes to release ferric iron for its utilization (Brickman and McIntosh, 1992; 
Greenwood and Luke 1978; Bryce and Brot, 1972; Langman et al., 1972).  
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Figure 1.2. Regulation of the Ferric uptake regulator (Fur).  Modified figure from Simon 
Andrews, 2003. 
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Iron-Sulfur Clusters  
Inorganic sulfide and nonheme iron form iron-sulfur (Fe-S) clusters in various 
oxidation states including [2Fe-2S], [3Fe-4S], [4Fe-4S], [8Fe-8S], and [8Fe-7S] (Johnson 
et al., 2005).  However, the most common types of clusters are [2Fe-2S], [3Fe-4S], and 
[4Fe-4S] (Figure 1.3; Fontecave, 2006).  Fe-S clusters are involved in gene regulation 
(Kiley and Beinert, 2003; Demple, 2002), electron transfer (Hunsicker-Wang et al., 2003), 
and carbon metabolism via aconitase (Robbins and Stout, 1989 a, b; Lauble et al., 1992) 
and fumarase A (Flint et al., 1992; Flint, 1993).  Gluconate metabolism can also require an 
Fe-S cluster enzyme.  The enzyme 6-phosphogluconate dehydratase (Edd) allows 6-
phosphogluconate to enter the Pentose Phosphate Pathway (PPP).  Alternatively, the 
Entner-Doudoroff (ED) pathway can be used (Entner and Doudoroff, 1952; Peekhaus and 
Conway, 1998). 
 
Iron Sulfur Cluster Biogenesis   
Sulfur is an essential iron cofactor that can be used to synthesize methionine and 
cysteine (Bolton et al., 1951).  Despite iron and sulfur essentiality both can be toxic in 
excess (Johnson et al., 2005).  Therefore, the in vivo formation and trafficking of iron-
sulfur (Fe-S) clusters are highly regulated. In E. coli, Fe-S clusters can be synthesized upon 
expression of the isc and suf pathway.  The isc pathway is induced under normal conditions 
expressing these genes: iscR, iscS, iscU, iscA, hscB, hscA, fdx, and IscX (Figure 1.4).  
Whereas the suf pathway is induced under oxidative stress and iron-limiting conditions and 
express the following genes: sufA, sufB, sufC, sufD, sufS, and sufE (Figure 1.4, Mettert and 
Kiley, 2015; Blanc et al., 2015; Boyd et al., 2014; Outten, 2015; Py and Barras, 2010;  
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Figure 1.3. Biologically relevant Fe-S cluster types. 
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Figure 1.4. Fe-S cluster biogenesis operons in E. coli. 
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Roche et al., 2013; Outten et al., 2004).  When Fe-S clusters are in excess, Holo- or iron-
bound IscR can represses iscRSUA.  Contrarily, when Fe-S clusters are limiting, ApoIscR 
cannot repress the isc operon (Schwartz et al., 2001; Yeo et al., 2006).  IscR, Apo-Fur, and 
oxidative stress via OxyR can induce the suf operon (Mettert and Kiley, 2014; Yeo et al., 
2006; Outten et al., 2004; Zheng et al., 2001). 
Iron-sulfur cluster biogenesis requires that L-cysteine be converted to L-alanine and 
sulfane sulfur by a cysteine desulfurase enzyme such as IscS and SufS (Kambampati and 
Lauhon, 1999; Outten et al., 2003; Layer et al., 2007).  Pyridoxal phosphate (PLP) and 
SufE bind to SufS enhancing its cysteine desulfurase activity (Outten et al., 2003).  The 
persulfide intermediate assembled at cysteine position 364 on the dimeric SufS is 
transferred as a sulfur atom to SufE at cysteine position 51 (Singh et al., 2013; Ollagnier-
de-Choudens et al., 2003).   SufE then transfers to SufB of the scaffold protein SufBC2D.  
The Fe-S cluster is assembled onto SufBC2D; however, the iron source is unknown (Layer 
et al., 2007).  The presence of SufBC2D enhances cysteine desulfurase activity of the SufS 
and SufE complex (Outten et al., 2003; Layer et al., 2007).  Finally, SufBC2D can transfer 
its (Fe-S) cluster to SufA, an A-Type carrier protein (Chahal et al., 2009). A-Type carrier 
proteins are thought to transfer clusters to and from scaffold and apo targets (Vinella et al., 
2009).   IscS generates sulfur from L-cysteine (Schwartz et al., 2000).  The persulfide 
intermediate assembled at cysteine position 328 of IscS is transferred to the IscU scaffold 
protein (Smith, 2001; Urbina, 2001; Smith, 2005; Cupp-Vickery, 2003).  IscU can transfer 
its cluster to the A-Type carrier protein IscA (Ollagnier-de-Choudens et al., 2004).  HscA 
and HscB can assist in the Fe-S cluster release from IscU (Hoff et al., 2000).  The role of 
ferredoxin (fdx) in the isc pathway is unclear.  However, ferredoxin can accept Fe-S clusters 
10	  
from a scaffold protein (Chahal et al., 2012; Wu et al., 2002; Mansy et al., 2002) and A-
Type carrier proteins (Ollagnier-de-Choudens et al., 2001; Ollagnier-de-Choudens et al., 
2003; Wu et al, 2003; Nishio and Nakai, 2000). 
 
 Iron-Sulfur Cluster Trafficking 
The crystal structure of dimeric SufA reveals three conserved cysteine residues at 
position number 50, 114, and 116 (Wada et al., 2005; Figure 2).  It is believed that SufA 
can coordinate a [2Fe-2S] cluster at its dimeric interface.  Modeling and biochemical 
studies suggest that SufA can bind an Fe atom alone, a [2Fe-2S] cluster, and/or a [4Fe-4S] 
cluster (Gupta et al., 2009; Wada et al., 2005; Ollagnier-de Choudens et al., 2003; 
Ollagnier-de Choudens et al., 2004).  However, the coordination chemistry has not been 
elucidated.  SufA has also been shown to transfer its cluster to apoproteins including 
SufBC2D, a scaffold protein as proposed in the previously mentioned phylogenomic 
studies (Chahal et al., 2009).  IscA shares a 48% sequence identity with SufA (Wada et al., 
2005) and is similarly predicted to bind iron and iron-sulfur clusters.  The crystal structure 
and modeling data suggest that IscA may coordinate two [2Fe-2S] clusters per homodimer 
using cysteine residues at position number 35, 99, and 101 (Cupp-Vickery et al., 2004).  
Biochemical studies show that tetrameric IscA can bind iron (Ding and Clark, 2004; Ding 
et al., 2004) as well as a [2Fe-2S] cluster.  This cluster can be transferred to the IscU 
scaffold protein (Ollagnier-de Choudens et al., 2004).  (Nif) IscA can also bind a [4Fe-4S] 
cluster and transfer it to the NifU scaffold protein in Azotobacter vinelandii (Mapolelo et 
al., 2012).  Despite the lack of a crystal structure of ErpA, it is known that ErpA possesses 
conserved cysteine residues similarly to IscA and SufA.  ErpA can also bind iron-sulfur 
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clusters including a [2Fe-2S] and a [4Fe-4S] cluster.  Holo-ErpA can transfer its cluster to 
the apo-protein apo-IspG (Loiseau et al., 2007).   
Glutaredoxins (Grx) are generally known as redox proteins that use glutathione as 
a cofactor.  These proteins have been classified into two main groups: monothiol and dithiol 
glutaredoxins (Yeung et al., 2011).  Dithiol glutaredoxins contain two cysteine residues in 
its active site and monothiol glutaredoxins contain only one cysteine in its active site (Lillig 
et al., 2008).  Additionally, glutaredoxins can be dived into subclasses depending on its 
number of grx domains.  Bacterial glutaredoxins have a single grx domain while eukaryotic 
glutaredoxins can have up to three grx domains (Mapolelo et al., 2013).  In E. coli, there 
are four known glutaredoxins referred to as Grx1, Grx2, Grx3, and Grx4 (Lillig et al., 
2008).  E. coli Grx1 and Grx3 are classical dithiol glutaredoxins that contain a CXXC motif 
in the active site (Lillig et al., 2008; Fernandes and Holmgren, 2004).  Grx2 contains the 
conserved CPYC motif in its thioredoxin/glutaredoxin fold; however, the second domain 
containing an alpha helix is unusual (Ye et al., 2014). Grx4 is the only monothiol 
glutaredoxin found in E. coli and has been associated with Fe-S cluster metabolism.   
 
Significance 
Bacterial infections begin with an overgrowth of cells in the human body.  In order 
to combat bacterial infections, the host employs ‘nutritional immunity’ which is designed 
to starve bacterial cells of iron and nutrients.  Bacteria secrete siderophores that bind and 
sequester iron.  This iron is then transported back into the bacterial cells and this process 
can lead to the development of pathogenic bacteria (Skaar, 2010; Figure 1.5).  The 
disruption to bacterial iron homeostasis can also lead to antibiotic resistance (Mehi et al., 
12	  
2014).  The aim of this work is to provide insight into understanding bacterial iron 
homeostasis which may contribute to the development of novel drug for the treatment of 
resistant and pathogenic bacteria. 
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Figure 1.5. Schematic of innate immune response to bacterial infection. 
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CHAPTER 2 
NICKEL EXPOSURE REDUCES ENTEROBACTIN PRODUCTION IN E. COLI 
ABSTRACT 
Escherichia coli is a well-studied bacterium that can be found in many niches, such 
as industrial wastewater, where the concentration of nickel can rise to low millimolar 
levels.  Recent studies show that nickel exposure can repress pyochelin or induce 
pyoverdine siderophore production in Pseudomonas aeruginosa (Braud et al., 2010).  
Understanding the molecular crosstalk between siderophore production, metal 
homeostasis, and metal toxicity in microorganisms is critical for designing bioremediation 
strategies for metal-contaminated sites.  Here we show that high nickel exposure prolongs 
lag phase duration as a result of low intracellular iron levels in E. coli.  Although E. coli 
cells respond to low intracellular iron during nickel stress by maintaining high expression 
of iron uptake systems such as fepA, the demand for iron is not met due to a lack of 
siderophores in the extracellular medium during nickel stress.  Taken together, these results 
indicate that nickel inhibits iron accumulation in E. coli by reducing the presence of 
enterobactin in the extracellular medium.  
 
            INTRODUCTION 
Nickel exposure can cause allergies and lung cancer in humans (Macomber and 
Hausinger, 2011; Denkhaus and Salnikow, 2002; Kasprzak et al., 2003; Das et al., 2008). 
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 It can also be found in the environment due to industrial pollution which can also affect 
microorganisms such as Escherichia coli (Nriagu, 1980).  Waste water near industrial sites 
can contain up to millimolar quantities of nickel (Ansari and Malik, 2010).  In E. coli, 
lower levels of nickel exposure affect RcnR, a nickel metalloregulator, that is released from 
RcnA repressing nickel efflux (Iwig et al., 2006).  Inversely, nickel can also bind and 
repress NikR which regulates nickel transport of NikABCDE (De Pina et al., 1999).  Nickel 
is structurally similar to cobalt and copper which have been shown to disrupt iron 
homeostasis by damaging iron-containing dehydratase enzymes in E. coli (Irving and 
Williams, 1953; Ranquet et al., 2007; Macomber and Imlay, 2009).  Nickel disrupts zinc 
binding to FbaA, the fructose bisphosphate aldolase A (Macomber et al., 2011).   
Nickel can also affect siderophore production in Pseudomonas aeruginosa by 
repressing pyochelin (PCH) synthesis and promoting pyoverdine (PVD) production under 
iron-limiting conditions (Braud et al., 2009).  Other metals have similarly been shown to 
affect siderophore metabolism.  Siderophore production is de-regulated by excess 
molybdenum in Azotobacter vinelandii (Duhme et al., 1998) and by aluminum in Bacillus 
megaterium (Hu and Boyer, 1996).  Copper and nickel can affect siderophore production 
in the presence of iron in Pseudomonas aeruginosa (Braud et al., 2010; Visca et al., 1992).  
Therefore, understanding the molecular crosstalk between siderophore production, metal 
homeostasis, and metal toxicity in microorganisms is critical for designing bioremediation 
strategies for metal-contaminated sites (Dixit et al., 2015).  For example, Actinobacteria 
can be used to de-toxify metal-contaminated sites and break-down complex organic matter 
(Alvarez et al., 2017; Polti et al., 2011).  Despite its robust metabolic profile and the 
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emergence of new actinobacteria species, the molecular details of siderophore production 
is unclear (Wang et al., 2014).   
 
MATERIALS AND METHODS 
Bacterial strains and culture conditions 
Strains used in this study are derivatives of the parent wild-type strain E. coli 
MG1655.  An individual colony was transferred from fresh Lennox broth (LB) agar plates 
into a 4 mL volume of LB and grown for 4 – 5hrs at 37 °C with shaking at 200 rpm.  Cells 
from this culture were pelleted and washed twice in sterile 1X M9 minimal media salts; 
then the OD600nm was normalized to 1.0. Normalized cells were diluted 1:200 into M9 
glucose minimal media containing 1X M9 minimal salts (BD Difco), 0.2% (w/v) glucose 
(Acros Organics), 0.2% (w/v) magnesium sulfate, 0.1 mM calcium chloride, and 0.5 g/mL 
Thiamine HCl (Sigma-Aldrich).  Prepared M9 media typically contained ~300 nM iron 
and ~70 nM nickel as measured by ICP-MS.  Cultures were incubated overnight for 18 – 
20 hr, at 37 °C and 200 rpm, then washed and pelleted twice in sterile 1X M9 salts as 
described above.  The resulting cell suspensions were normalized to an OD600 of 2.0 and 
diluted 1:50 into M9 gluconate minimal media with 0.2 % (w/v) potassium gluconate (Alfa 
Aesar) to give an initial OD600 of 0.04.  Nickel chloride (Sigma-Aldrich) was added to 
described final concentrations in the M9 gluconate minimal media, from 0 µM up to 50 
µM.  
Cell growth was monitored as optical density at 600nm (OD600) and plotted versus 
time (in hours).  Lag phase duration was determined using the online fitting program, 
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DMFit (www.ifr.ac.uk/safety/DMfit), applying the no-asymptote fitted model and 
parameters (Baranyi and Roberts, 1994). Stationary phase OD600 measurements were 
omitted for best fit of the model.  Doubling time of the cells during the exponential phase 
of growth, where the steepest linear fit line could be applied, was determined using the 
Online Doubling Calculator (http://www.doubling-time.com/compute.php) (Roth, 2006).   
 
Inductively – Coupled Plasma Mass Spectrometry (ICP-MS) 
 Preparatory cell growth in LB and glucose minimal media was conducted as 
described above.  Cell cultures were then grown in 2 L M9 gluconate minimal media with 
or without 50 µM nickel chloride in a 4 L culture flask at 37 °C and 200 rpm.  Samples of 
150 mL were centrifuged at 3,000 x g for 20min and then pelleted three times at 16,000 x 
g with intermediate washing in 1mL sterile, ice-cold wash solution consisting of 50 mM 
EDTA tetrasodium salt, 100 mM oxalic acid, 100 mM NaCl, and 10 mM KCl, to remove 
any cell surface-associated metal ions.  Washed cell pellets were re-suspended in a 1 mL 
volume of ice-cold, sterile 1X M9 salts.  A small portion of each sample was then diluted 
40-fold to record the final OD600. Cell re-suspensions were transferred to an acid-washed, 
Perfluoroalkoxy (PFA) microcentrifuge tube (Savillex Corporation) and centrifuged at 
16,000 x g.  After centrifugation, the supernatant was discarded and the cell pellets were 
frozen in liquid nitrogen.  Cell pellets were stored at -80 °C until ready for digestion and 
ICP-MS analysis.  
 Samples for ICP-MS were thawed for 15 min on ice followed by drying at 80 °C 
for 30 min.  A 400 µL volume of trace-metal grade HNO3 (distilled on site at the Center 
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for Elemental Mass Spectrometry (CEMS), University of South Carolina) was added to 
each sample tube and digested at 80 °C for 4 hrs.  After digestion, each sample tube was 
centrifuged for 1 min at 16,000 x g and the supernatant was diluted 1:20 into MQ H2O, 
giving a final acid matrix of 3.5 %.  Blanks consisting of 3.5 % trace-metal grade HNO3 
only in MQ H2O (18MΩ) were made and prepared in the same manner as the cell samples.  
Standard element solutions (Inorganic Ventures) were also prepared in the same final acid 
matrix of 3.5 % to establish a limit of detection and a calibration curve for determining the 
concentrations of each metal analyzed.  The isotopes of biologically relevant transition 
metals with masses of 56Fe, 58Ni, 64Zn, 55Mn, and 63Cu were selected for analysis based on 
natural abundances.  Samples were analyzed under medium resolution to resolve 
polyatomic interferences (e.g. 40Ar16O for 56Fe) on a Thermo Element 2 High Resolution 
ICP-MS instrument operated by CEMS at the University of South Carolina.  A cyclonic 
spray chamber (Elemental Scientific) was used for delivery of sample into the instrument.  
 
b-Galactosidase assays for promoter-lacZ fusion strains 
 Wild-type E. coli MG1655 strains containing ΦfepAp-LacZ (PK9849), ΦiscRp-
lacZ (PK7571), and ΦsufAp-lacZ (PK7722) were kindly provided by Patricia Kiley 
(University of Wisconsin – Madison) (Giel et al., 2006).  All cells were initially plated on 
LB with 30 g/mL kanamycin overnight at 37 °C.  One colony was transferred to M9 
glucose minimal media for approximately 18 hours at 37 °C at 200 rpm.  The cell culture 
was then diluted 1:50 to a final OD600 of 0.04 in 100 mL of M9 gluconate minimal media 
with or without 50 µM NiCl2 and grown for 5 hours at 37 °C at 200 rpm. At various time 
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points cells were collected by centrifugation at 3,000 x g and re-suspended in Z-buffer 
(0.06 M sodium diphosphate, 0.04 M monosodium phosphate, 0.01 M potassium chloride, 
0.001 M magnesium sulfate, and 0.05 M β-mercaptoethanol).  β-Galactosidase activity was 
measured after addition of 200 µL of 4 mg/mL ortho-nitrophenyl-ß-galactoside per mL of 
cells permeabilized with chloroform and SDS according to published protocols (Miller, 
1972).  β-Galactosidase activity was calculated and reported in Miller Units; see Equation 
1 below where t = time of reaction and v= volume of cells added in mL.  Absorbance at 
420 nm, 550 nm, and 600 nm were measured using a Beckman-Coulter DU800 UV-Vis 
Spectrophotometer.  Miller units normalize β -galactosidase activity to total cell number 
via optical density at 600 nm (OD600) measurement. 
Equation 1:  Miller Unit = 1000 * [Abs420 – (1.75 * Abs550)] / [t * v* Abs600] 
 
Arnow assay for catechol determination 
 Methods from Arnow and Ma were adapted for the quantification of catecholate 
siderophore production (to include any enterobactin breakdown products) by E. coli under 
nickel stress (Ma and Payne, 2012; Arnow, 1937).  Wild-type MG1655 and fepA deletion 
strains were cultured as described above.  Cells were cultured in 0.2 % gluconate M9 
minimal media with or without 50 µM nickel chloride.  Every two hours 1 mL was 
collected from each growth, the OD at 650 nm was measured and recorded, and then each 
volume was cleared of cells via centrifugation at 16,000 x g for 1 min.  A 500 µL volume 
of cleared supernatant was transferred to a clean, 4.0mL polypropylene cuvette.  500 µL 
0.5 N HCl, 500 µL of a 10 % sodium nitrate / 10 % sodium molybdate mixture (Sigma-
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Aldrich), and 500 µL 1 N NaOH were added to the cuvette.  All assay samples were 
measured against a blank mixture of fresh gluconate M9 minimal media with the above 
reagents listed for the assay.  The absorbance at 515 nm was measured and recorded 
immediately after mixing.  Arnow units were calculated using Equation 2: 
Equation 2:  Arnow Unit = 1000 * [Abs515/Abs650] 
 
Enterobactin purification and quantification using FPLC 
 E. coli MG1655 wild-type and ∆fepA were plated onto LB and incubated overnight 
at 37 °C.  A single colony was cultured according as described above.  Cultured cells were 
washed, normalized, and diluted to a final optical density of 0.04 in M9 gluconate minimal 
media, with or without 50 µM nickel chloride.  Cultures were incubated for 2 hours at 37 
°C at 200rpm.  The cells were centrifuged for 20 min at 4 °C and 8,000 x g.  The supernatant 
was sterile filtered twice using a fresh 0.22 µm filter (Millipore) each time and a total of 1 
L spent media was collected.  Enterobactin and its hydrolysis products were purified using 
a modified form of a previously published protocol (O’Brien and Gibson, 1970).  Briefly, 
the sterile, filtered supernatant was loaded onto a DEAE-Sepharose Fast Flow column 
equilibrated with 10 mM sodium phosphate buffer, pH 7.0. Fractions (5 mL) were collected 
by eluting at 4 °C using a step gradient of 0.0 M, 0.05 M, 0.15 M, 1.0 M, and 2.0 M 
ammonium chloride.  Enterobactin and its hydrolysis products were identified based on the 
concentration of ammonium chloride at which they eluted and further confirmed by ESI-
MS (data not shown). 
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Quantification of enterobactin and its hydroylsis products by LC-MS 
Wild-type MG1655 E. coli cells were diluted from an overnight culture in 120 mL 
fresh M9 gluconate minimal media and cultured for 2 hours with or without 50 µM nickel 
chloride at 37 °C.  At 2 hours, culture media was collected after removing cells via 
centrifugation.  Culture media was twice extracted using a 1:1 ratio of 100 % ethyl acetate 
to culture medium.  The ethyl acetate layer was collected and evaporated by rotovap.  The 
residue was resuspended in 10 % acetonitrile and 0.1 % trifluoroacetic acid (TFA) and 
analyzed by LC-MS (Winkelmann et al., 1994).  LC-MS samples were analyzed on a 
Waters Q-Tof API US, quadrupole time-of-flight mass spectrometer and Dionex Ultimate 
3000 UPLC.  A 30 µL injection volume was loaded onto a Chromegabond WR C18, 2.1 
mm x 150 mm, 3 um particle (ES Industries) column using a binary gradient at a flow rate 
of 200 uL / min.  Solvent A: water with 0.1 % formic acid and solvent B: acetonitrile with 
0.1 % formic acid.  The run was set to 10 % B for 2 minutes, 95 % over 20 mins, and finally 
held at 95 % for 15 mins. 
 
Total RNA isolation and quantitative RT-PCR 
Cells were cultured in gluconate for 2 hours with or without 50 µM nickel chloride.  
After centrifugation, cell pellets were harvested by centrifugation and stored at -80 °C.  
RNA was extracted using an acid phenol-chloroform method (Kawano et al., 2002) and 
stored at -80 °C.  A total RNA (1 µg) was used to generate gene-specific cDNA using 
iScript (BioRad) according to manufacturer’s instructions and gene-specific primers.  Copy 
number of cDNA was measured by PCR using SSoAdvanced Universal SYBR Green 
35	  
Supermix (BioRad).  ∆Cq expression was calculated using the average Cq values of both 
the experimental gene (fepA, entC) and the control gene (ihfB). mRNA fold change is 
representative of 2(-∆∆Cq).   
 
RESULTS 
Wild-type E. coli cells are sensitive to nickel stress during lag phase 
E. coli cells have three primary stages of growth: lag phase, exponential phase, and 
stationary phase (Wade, 1952).  Nickel is toxic at low micromolar levels (8 µM) to bacterial 
cells in exponential phase and nickel was shown to disrupt the zinc-dependent 
metalloenzyme Class 2 Fructose-bisphosphate aldolase, FbaA (Macomber et al., 2011).  
Nickel exposure in exponential phase E. coli was also shown to induce DNA relaxation 
and damage, possibly by inhibiting DNA replication and RecBCD-mediated DNA repair 
(Gault et al., 2016; Kumar et al., 2017).   However, Rolfe et al., have shown that bacterial 
cells accumulate essential trace metals during lag phase in preparation for the transition 
into exponential phase (Rolfe et al., 2012).  Iron uptake genes are upregulated and 
intracellular iron levels are increased during lag phase.  During exponential phase, these 
genes are downregulated and intracellular iron levels decrease as the iron is progressively 
divided amongst daughter cells. To determine the effects of nickel during lag phase of E. 
coli, growth was monitored after exposure of freshly diluted lag phase cells to 0 µM – 50 
µM nickel chloride (Figure 2.1 A).  Lag phase duration (Figure 2.1 B) was quantified using 
the Baranyi and Roberts model (Baranyi and Roberts, 1994) while the exponential phase 
(doubling time) duration (Figure 2.1 C) was quantified using a formula developed by Roth 
36	  
(Roth, 2006).  Lag phase duration is not significantly affected at the lower nickel toxicity 
range (below 10 µM).  However, as the concentration of nickel increases above 10 µM, lag 
phase duration also increases.  The doubling time does not significantly change when the 
nickel-treated cells exit lag phase and enter exponential phase.  Similarly, the final cell 
density reached in stationary phase also does not significantly change after nickel exposure 
in lag phase (Fig. 2.1 A).     
 
Intracellular iron levels are lower in nickel-treated E. coli cells 
Soft metals have been shown to disrupt iron metabolism in E. coli (Xu and Imlay, 2012; 
Macomber and Imlay, 2009; Ranquet et al., 2007).  Recent studies link nickel stress to 
disruption of iron metabolism in exponential phase, possibly by inducing Fur-dependent 
repression of iron uptake systems (Gault et al., 2016).  To better understand the phenotypic 
effects of nickel toxicity, intracellular metal concentrations during lag phase nickel stress 
were measured using inductively coupled plasma mass spectrometry (ICP-MS).  Cells that 
were not exposed to nickel showed an increasing amount of iron over time during lag phase 
(Figure 2.2 A).  In contrast, cells exposed to a toxic level of nickel (50 µM) showed no 
increase in intracellular iron throughout lag phase.  Manganese and copper levels were not 
significantly affected but zinc levels were elevated in response to nickel.  The increased 
zinc accumulation in response to nickel is consistent with disruption of zinc 
metalloproteins by nickel as previously reported (Macomber et al., 2011).   
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Figure 2.1.  Nickel exposure extends lag phase duration. (A) Growth curves of wild type 
MG1655 E. coli cells exposed to 0 µM, 10 µM, 20 µM, 30 µM, 40 µM, or 50 µM nickel 
chloride.  (B) Lag phase duration calculated from the growth curve data shown in Figure 
1A.  (C) Doubling times calculated from the growth curve data shown in Figure 2.1A.  All 
growths were repeated in triplicate (n = 3) and error bars indicate one standard deviation 
from the mean value. 
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Figure 2.2.  Intracellular iron levels are decreased upon exposure to nickel during the lag 
phase.  (A) Intracellular metal concentrations were measured in wild type MG1655 E. coli 
cells that were exposed to 0 µM nickel chloride using ICP-MS. (B) Intracellular metal 
concentrations were measured in wild type MG1655 E. coli cells that was exposed to 50 
µM nickel chloride using ICP-MS.  All measurements were repeated in triplicate (n = 3) 
and error bars indicate one standard deviation from the mean value.   
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High nickel exposure triggers an ‘iron starvation’ response in lag phase E. coli 
cells 
In order to determine the effects of nickel exposure on intracellular iron homeostasis, 
expression of genes involved in iron homeostasis were monitored using a series of 
promoter-lacZ fusion constructs in vivo.  Iron uptake (fepA) and iron-sulfur (Fe-S) cluster 
biogenesis (iscR, sufA) genes are upregulated during lag phase and their expression 
progressively declines over time in exponential phase (Rolfe et al., 2012).  The ferric 
uptake regulator, Fur, regulates iron homeostasis by repressing the transcription of iron 
uptake genes under iron replete conditions (Escolar L, et al., 1998; Hunt et al., 1994).  
However, when cellular demand for iron is high, Fur repression of genes like fepA and sufA 
that are involved in adaptation to iron starvation is reversed leading to their induction.  
Under normal growth conditions (in the absence of nickel), we observed that fepA and sufA 
gene expression levels gradually decreased over time throughout lag phase (Figure 2.3 A 
and Figure 2.3 B).  In contrast, nickel exposure (50 µM) results in a consistently high level 
of fepA and sufA expression throughout lag phase when compared to cells that were not 
exposed to nickel (Figure 2.3 A and Figure 2.3 B).  The nickel-dependent upregulation of 
fepA was also independently confirmed by RT–qPCR (Figure 2.4).  The expression of iscR 
is auto-regulated in response to demand for Fe-S cluster biogenesis and is influenced 
indirectly by intracellular iron availability.  Therefore, iscR expression can also be used as 
an indicator of intracellular iron status.  Similar to what was observed for fepA and sufA, 
iscR expression gradually decreased throughout lag phase in control cells but remained 
high throughout lag phase in nickel-treated cells (Figure 2.3 C).  These results are 
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consistent with other studies and clearly support the hypothesis that nickel disrupts iron 
metabolism in multiple growth phases in E. coli (Gault et al., 2016). 
 
 The presence of siderophores decreases in nickel-treated E. coli cells 
 When iron is limiting, cells export siderophores into the extracellular environment 
in order to chelate ferric iron for transport into the cell.  The primary siderophore in the 
strain of E. coli used for these studies is the catechol enterobactin.  In order to assess the 
effects of nickel on siderophore production, catechol levels were monitored in the culture 
medium using the Arnow assay (Ma and Payne, 2012; Arnow, 1937).  Siderophore 
production is reported in Arnow units, which are normalized for bacterial cell density.  
Since they are all catechols, this assay should detect enterobactin and its hydrolysis 
products if they are present in the extracellular medium.  The presence of catechols in the 
culture medium gradually increases over time throughout lag and exponential phase in 
control cells not exposed to nickel (Figure 2.5 A).  In contrast, high nickel stress reduces 
the catechol accumulation in the culture medium (Figure 2.5 A).  The decrease in 
extracellular siderophore levels was proportional to increasing media nickel concentrations 
(Figure 2.6).  The siderophore enterobactin is imported by FepA after it chelates 
extracellular ferric iron. In order to test if the decrease in extracellular siderophore levels 
during nickel stress was due to an increased rate of clearance of enterobactin by active 
import via FepA, catechol production also was measured in a fepA deletion mutant strain 
(DfepA).  Siderophore levels were also lower in DfepA cells exposed to nickel in 
comparison to untreated cells (Figure 2.5 B). The Arnow assay cannot differentiate 
enterobactin from its four hydrolysis products, which can also be secreted into the media  
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Figure 2.3.  Nickel induces the Fur and IscR regulons.  Relative gene expression levels are 
shown in Miller Units which accounts for any observed differences in bacterial cell growth 
or optical density at 600nm.  (A) fepA-lacZ gene expression levels.  (B) sufA-lacZ gene 
expression levels.  (C) iscR-lacZ gene expression levels.  All measurements were repeated 
in triplicate (n = 3) and error bars indicate one standard deviation from the mean value. 
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Figure 2.4. Nickel induces entC and fepA mRNA expression.  2(-DDCq) values are reported 
as mRNA fold change of nickel-treated cells in comparison to untreated control cells after 
2 hours in M9 gluconate minimal media.  All measurements were repeated in triplicate 
(n=3) and error bars indicate one standard deviation from the mean value.  
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Figure 2.5.  Nickel decreases levels of extracellular catecholate siderophores during lag 
phase.  Total catecholate production is expressed in Arnow units (right axis, bars).  Relative 
growth is expressed by optical density at 600 nm (left axis, diamonds).  (A) Wild-type and 
(B) ΔfepA MG1655 E. coli cells measurements are overlaid with growth data from the 
same cultures (left axis, diamonds).  All growths were repeated in triplicate (n = 3) and 
error bars indicate one standard deviation from the mean value.   
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Figure 2.6.  Nickel concentration proportionally affects catechol production over time.  
Arnow units are used to measure catechol production and one Arnow unit equals 1000 x 
OD515nm / OD650nm.  Wild-type E. coli cells were cultured in M9 gluconate minimal media 
containing either 0 µM, 10 µM, 20 µM, 30 µM, 40 µM, or 50 µM nickel chloride for 24 
hours.  All growths were repeated in triplicate (n=3) and error bars indicate one standard 
deviation from the mean value.  
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as low affinity iron chelators (Hantke, 1990).  In order to assess the effects of nickel 
exposure on extracellular enterobactin and its hydrolysis products, fast protein liquid 
chromatography (FPLC) was used to separate and quantify enterobactin products from the 
extracellular medium.  In both wild-type and DfepA strains the presence of enterobactin 
and all of its hydrolysis products are lower during nickel exposure (Figure 2.7 A and Figure 
2.7 B).  Liquid chromatography – mass spectrometry (LC-MS) also showed that in the 
wild-type strain nickel exposure resulted in a reduction of enterobactin and its hydrolysis 
products (Figure 2.8). 
 
            DISCUSSION  
 The amount of nickel exposure can proportionally affect the relative growth of 
Escherichia coli cells over time in iron-limited media.  The first stage of growth known as 
lag phase shows a significant impact from nickel exposure (Fig. 2.2 A).  The lag phase 
duration of cells exposed to 50µM nickel chloride is approximately 10-fold longer than 
cells that were not exposed to nickel stress (Fig 2.2 B).  According to Rolfe et al, lag phase 
is the stage of growth where bacterial cells accumulate iron (Rolfe et al., 2012).  Nickel 
exposure in lag phase results in lower iron accumulation (Fig.2.2 A) and a cellular iron 
starvation response where genes required for adaptation to iron starvation are constitutively 
expressed at high levels during lag phase nickel exposure (Fig. 2.2 B).  Therefore, the 
disruption of iron homeostasis by lag phase nickel exposure stress (Fig 2.2 B).  
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Figure 2.7.  Nickel decreases levels of extracellular enterobactin and its hydrolysis 
products during lag phase (A) Spent media from Wild-type MG1655 culture with 0 µM 
nickel or 50µM NiCl2 was filtered and enterobactin-related metabolites were separated by 
FPLC (B) Spent media from ΔfepA cultures with no added nickel or 50 µM NiCl2 was 
filtered and enterobactin-related metabolites were separated by FPLC.  Elution times are 
shown across the bottom axis.  The elution peak annotated ‘1’ refers to the linear dimer, 
‘2’ refers to the hydrolytically cleaved linear trimer, ‘3’ refers to the non-hydrolytically 
cleaved linear trimer, and ‘4’ refers to cyclized enterobactin. 
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Figure 2.8.  Nickel decreases extracellular enterobactin and its hydrolysis products during 
lag phase.  Spent media from Wild-type MG1655 culure with 0 µM and 50 µM nickel 
chloride was sterile filtered and enterobactin-related metabolites were twice extracted 
using a 1:1 ratio of 100% ethyl acetate to culture media.  Ethyl acetate was removed using 
rotovap and the residue was resuspended in 10% acetonitrile and 0.1 % trifluoroacetic acid.  
Sample was analyzed by liquid chromatography – mass spectrometry.   
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Therefore, the disruption of iron homeostasis by lag phase nickel exposure is in good 
agreement with other recent studies on iron homeostasis and nickel toxicity (Gault et al., 
2016; Rolfe et al., 2012).  Interestingly, once nickel-exposed cells exit lag phase, the 
exponential phase duration (doubling time) shows a much milder 2-fold increase even at 
the highest nickel concentration tested.  Furthermore, the final cell density reached in 
stationary phase does not seem to be significantly altered by lag phase nickel exposure 
(Fig. 2.2 A).  This result may be partially explained by the selection for a nickel-resistant 
mutant population during lag phase, which then grows nearly at wild-type rates once they 
accumulate or exit lag phase.  In fact, preliminary studies in our laboratory indicate that a 
nickel-resistant population is selected for after high nickel exposure in lag phase (at 
concentrations above 30 µM NiCl2, data not shown).  
 Despite the demand for iron and the transcriptional upregulation of iron uptake 
genes, the level of the siderophore enterobactin and all its hydrolysis products are lower in 
nickel-treated cells as compared to untreated control cells.  Previously it was shown that 
nickel exposure in exponential phase of growth causes repression of iron uptake pathways, 
including fepA and the entCEBA operon used for enterobactin synthesis (Gault et al., 2016).  
The exact mechanism for this inappropriate repression is not clear but may involve a 
nickel-dependent increase in intracellular labile iron, perhaps from damaged or mis-
metallated iron proteins, which then triggers inappropriate Fur-dependent repression of 
target genes.  Using the lacZ promoter fusion construct for fepA we also observed similar 
reduced expression during exponential phase nickel exposure (data not shown).  However, 
expression of both fepA and entC is constitutively high during lag phase nickel exposure, 
as measured by lacZ promoter fusions and RT-qPCR (Figure 2.4).  Therefore, 
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transcriptional repression of the entCEBA system does not explain the observed reduction 
of enterobactin in the media during lag phase nickel exposure.   
 Taken together, these findings support the notion that high nickel exposure can 
disrupt siderophore production in E. coli as was previously reported in Pseudomonas 
aeruginosa under iron-limiting conditions (Visca et al., 1992).  These results may provide 
an additional mechanism to help explain the observed drop in iron accumulation under 
nickel stress seen in E. coli grown under aerobic conditions in minimal media (Gault et al., 
2016).  Under those growth conditions where ferric iron predominates, the enterobactin 
uptake pathway would be the main route for iron entry into the cell.  However, the results 
we obtained in lag phase also point to some distinct differences in nickel-mediated 
disruption of iron homeostasis between lag and exponential growth phases.  In lag phase 
the reduction in iron accumulation is much more severe and the Fur and IscR regulons are 
responding appropriately to the resulting iron starvation.  Despite the transcriptional 
upregulation of the enterobactin synthesis and transport systems, the siderophore is failing 
to accumulate in the media and is not mediating iron uptake into the cell.  The results also 
indicate that siderophore-mediated bioremediation may be perturbed if the toxic metal, in 
this case nickel, also disrupts siderophore production or metabolism.   
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CHAPTER 3 
ENTEROBACTIN BIOSYNTHESIS PROMOTES NICKEL RESISTANCE IN E. 
COLI 
ABSTRACT 
Siderophore production can protect against metal toxicity by reducing metal 
accumulation by sequestration. However, it has not been shown to affect whether 
constitutive expression of siderophore biosynthesis genes can also promote metal 
resistance.  Herein, we characterize the phenotypic effects of E. coli cells constitutively 
expressing the ent operon which is responsible for enterobactin biosynthesis.  Our data 
shows that cells deficient in enterobactin secretion can partially overcome nickel toxicity 
when enterobactin accumulates inside the cell.  It is evident that enterobactin hydrolysis 
products are secreted into the extracellular space.  These hydrolysis products can bind and 
sequester nickel when iron is limiting.     
 
            INTRODUCTION 
Enterobactin is the predominant siderophore secreted by E. coli under iron-limiting 
conditions.  Niches where those conditions exist include soil (Solomon et al., 2002), plants 
(Itoh et al., 1998), and mammalian intestinal systems or pathogenesis sites (Van Elsas et 
al., 2011). In E. coli, enterobactin is synthesized by the concerted action of the gene 
products encoded by the entCEBA operon (Ma and Payne, 2012; Crosa et al., 2002; Walsh 
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et al., 1990).  It is then exported from the cytoplasm by the inner membrane transporter 
protein EntS (Miethke et al., 2007; Bleuel et al., 2005; Furrer et al., 2002).  Extracellular 
ferric iron binds to apo-enterobactin forming Fe3+–enterobactin.  Fe3+–enterobactin is 
preferentially imported back into the cell by binding to the outer membrane transporter 
protein FepA, then to FepB in the periplasm, and through the FepCDG transporter in the 
inner membrane (Larsen et al., 1997; Braun et al., 1995).  Enterobactin is the cyclized form 
of three N-(2, 3-dihydroxybenzoyl)-L-serine monomeric units (Ehmann, et al., 2000; 
Shaw-Reid, et al., 1999; Gehring et al., 1998; Gehring et al., 1997). The backbone of 
intracellular Fe3+–enterobactin must be hydrolyzed by the esterase Fes releasing ferric iron 
from its tightly chelated complex (Brickman and McIntosh 1992; Greenwood and Luke 
1978; Bryce and Brot, 1972; Langman et al., 1972).  The cleavage of intracellular 
enterobactin (cyclo-tris(2,3-dihydroxy-N-benzoylseryl) by Fes results in the production of 
four linear hydrolysis products including: the non-hydrolytically cleaved trimer (N, N’, 
N’’-tris(2,3-dihydroxybenzoyl)-O-(a-aminoacrylyl)-O-seryl serine), the hydrolytically 
cleaved trimer (N, N’, N’’’-tris(2,3-dihydroxybenzoyl)-O-seryl-O-seryl serine), a linear 
dimer (N, N’-bis(2,3-dihydroxybenzoyl)-O-(a-aminoacrylyl)-O-seryl serine), and a linear 
monomer (2,3-dihydroxy-N-benzoylserine) (Lin et al., 2005; Brickman et al., 1992; 
O’Brien and Gibson, 1970).  
Siderophores like enterobactin have been shown to impact metabolism of other 
essential or toxic metals.  For example, enterobactin can facilitate the reduction of Cu2+ to 
Cu1+ and increase copper cytotoxicity in uropathogenic E. coli (Chaturvedi et al., 2012).  
Siderophores have been shown to protect against metal toxicity perhaps by chelating other 
metals (Koh et al., 2015).  The presence of the Pseudomonas aeruginosa siderophores 
57	  
pyochelin (PCH) and pyoverdine (PVD) have been shown to decrease intracellular nickel 
accumulation (Braud et al., 2009; Braud et al., 2009; Braud et al., 2010).  Additionally, 
media supplementation with PCH and PVD reduced nickel toxicity in iron-limited and 
iron-supplemented media (Braud et al., 2010).    Despite this, little is known about how 
siderophore gene expression might affect how bacterial cells respond to nickel stress.  Our 
goal in this work is to test if enterobactin biosynthesis gene expression and siderophore 
production can alter the effects of nickel toxicity under iron-limiting conditions in 
Escherichia coli. 
 
 MATERIALS AND METHODS 
Bacterial strains and culture conditions 
Strains used in this study are derivatives of the parent wild-type strain E. coli 
MG1655.  An individual colony was transferred from fresh Lennox broth (LB) agar plates 
into a 4 mL volume of LB and grown for 4 – 5 hrs at 37 °C with shaking at 200 rpm.  Cells 
from this culture were pelleted and washed twice in sterile 1X M9 minimal media salts; 
then the OD600nm was normalized to 1.0. Normalized cells were diluted 1:200 into M9 
glucose minimal media containing 1X M9 minimal salts (BD Difco), 0.2% (w/v) glucose 
(Acros Organics), 0.2 % (w/v) magnesium sulfate, 0.1 mM calcium chloride, and 0.5 g/mL 
Thiamine HCl (Sigma-Aldrich).  Prepared M9 media typically contained ~300 nM iron 
and ~70 nM nickel as measured by ICP-MS.  Cultures were incubated overnight for 18 – 
20 hr, at 37 °C and 200 rpm, then washed and pelleted twice in sterile 1X M9 salts as 
described above.  The resulting cell suspensions were normalized to an OD 600 nm of 2.0 
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and diluted 1:50 into M9 gluconate minimal media with 0.2 % (w/v) potassium gluconate 
(Alfa Aesar) to give an initial OD 600 nm of 0.04.  Nickel chloride (Sigma-Aldrich) was 
added to described final concentrations in the M9 gluconate minimal media, from 0 µM up 
to 50 µM.  No ampicillin was added to gluconate minimal medium during nickel exposure 
due to the potential for complexation of nickel and ampicillin (Mukherjee and Ghosh, 
1995; Bravo and Anacona, 1998).  
Cell growth was monitored as optical density at 600nm (OD600) and plotted versus 
time (in hours).  Lag phase duration was determined using the online fitting program, 
DMFit (www.ifr.ac.uk/safety/DMfit), applying the no-asymptote fitted model and 
parameters (Baranyi and Roberts, 1994). Stationary phase OD600 measurements were 
omitted for best fit of the model.  
 
Arnow assay for catechol determination 
 Methods from Arnow and Ma were adapted for the quantification of catecholate 
siderophore production (to include any enterobactin breakdown products) by E. coli under 
nickel stress (Ma and Payne, 2012; Arnow, 1937).  Cells were cultured in 0.2 % gluconate 
M9 minimal media with or without 50 µM nickel chloride.  After 21 hours, 1 mL was 
collected from each growth, the OD at 650 nm was measured and recorded, and then each 
volume was cleared of cells via centrifugation at 16,000 x g for 1 min.  A 500 µL volume 
of cleared supernatant was transferred to a clean, 4.0 mL polypropylene cuvette.  500 µL 
0.5 N HCl, 500 µL of a 10% sodium nitrate / 10% sodium molybdate mixture (Sigma-
Aldrich), and 500 µL 1 N NaOH were added to the cuvette.  All assay samples were 
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measured against a blank mixture of fresh gluconate M9 minimal media with the above 
reagents listed for the assay.  The absorbance at 515 nm was measured and recorded 
immediately after mixing.  Arnow units were calculated using Equation 2: 
Equation 2:  Arnow Unit = 1000 * [Abs515 / Abs650] 
 
Enterobactin purification and quantification using FPLC 
 Strains were plated onto LB and incubated overnight at 37 °C.  A single colony was 
cultured according as described above.  Cultured cells were washed, normalized, and 
diluted to a final optical density of 0.04 in M9 gluconate minimal media, with 50 µM nickel 
chloride.  Cultures were incubated for 12 hours at 37 °C at 200 rpm.  The cells were 
centrifuged for 20 min at 4 °C and 8,000 x g.  The supernatant was sterile filtered twice 
using a fresh 0.22 µm filter (Millipore) each time and a total of 1 L spent media was 
collected.  Enterobactin and its hydrolysis products were purified using a modified form of 
a previously published protocol (O’Brien and Gibson, 1970).  Briefly, the sterile, filtered 
supernatant was loaded onto a DEAE-Sepharose Fast Flow column equilibrated with 10 
mM sodium phosphate buffer, pH 7.0 and 5 mL fractions were collected by eluting at 4 °C 
using a step gradient of 0.0 M, 0.05 M, 0.15 M, 1.0 M, and 2.0 M ammonium chloride.  
The UV-Visible absorption spectroscopy spectra were obtained by scanning monomer, 
dimer, trimer #1, trimer #2, and enterobactin from elution fraction #8, #11, #15, #19, and 
#23, respectively at 280 nm. 
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Quantification of enterobactin and its hydroylsis products by extraction 
Strains were diluted from an overnight culture into fresh M9 gluconate minimal 
media and cultured for 12 hours with 50 µM nickel chloride at 37 °C.  Culture media was 
twice extracted using a 1:1 ratio of 100 % ethyl acetate to culture medium (Winkelmann et 
al., 1994).  The ethyl acetate layer was collected and scanned using UV-Visible absorption 
spectroscopy.  
 
Catechol metal binding studies using Atomic Absorption Spectroscopy (AAS) 
 Preparatory cell growth in LB and glucose minimal media was conducted as 
previously described.  Cell cultures were then grown in M9 gluconate minimal media to 
OD600nm = 0.1 then treated with 50 µM nickel chloride for 3 hours in a culture flask at 37 
°C and 200 rpm.  Cells were centrifuged at 4,000 x g for 20 min and then the supernatant 
was sterile filtered using a 0.22 µm filter (Millipore).  Enterobactin and its hydrolysis 
products were purified using a modified form of a previously published protocol (O’Brien 
and Gibson, 1970).  Briefly, the sterile, filtered supernatant was loaded onto a DEAE-
Sepharose Fast Flow column equilibrated with 10 mM sodium phosphate buffer, pH 7.0 
and 5 mL fractions were collected by eluting at 4 °C using a step gradient of 0.0 M, 0.05 
M, 0.15 M, 1.0 M, and 2.0 M ammonium chloride.  The metal content of monomer, dimer, 
trimer #1, trimer #2, and enterobactin from elution fraction #8, 11, 15, 19, and 23, 
respectively was measured using AAS.  Otherwise, the supernatant was twice extracted 
with 100% ethyl acetate, evaporated by rotovap, re-suspended in water, and analyzed by 
AAS. 
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RESULTS 
The entS deletion strain containing pEntCEBA is less sensitive to nickel stress 
In order to test the effects of enterobactin biosynthesis on nickel toxicity in E. coli.  
We generated control strains containing an empty plasmid, pWSK29 and strains that 
contained a plasmid constitutively expressing the ent operon.  The pWSK29 low-copy 
number plasmid has an ampicillin resistance cassette for selection (Ma and Payne, 2012).  
The pEntCEBA plasmid is a pWSK29 derivative that contains the ent operon and 
constitutively expresses these enterobactin biosynthesis genes.  Wild-type, ∆entS and 
∆fepA strains that only contain pWSK29 are all sensitive to nickel exposure (Figure 3.1 
A).  Strains only containing pWSK29 have a lag phase duration time of approximately 18 
hours in the presence of high nickel (Figure 3.1 B) and also show reduced siderophore 
production under nickel stress.  The level of siderophores produced by pWSK29 expressing 
cells are below the limit of detection.  Similarly, wild-type and fepA deletion strains 
containing pEntCEBA are sensitive to nickel exposure.  However, a slight rescue of nickel 
toxicity is observed in the entS deletion strain that contains the pEntCEBA vector (Figure 
3.2 A).  Lag phase duration is also shorter (Figure 3.2 B).  in comparison to cells containing 
pWSK29 (Figure 3.1 B).  Siderophore levels in the media were also significantly higher in 
pEntCEBA containing strains in comparison to cells containing pWSK29 (Figure 3.2 C). 
Siderophore production in the media was further analyzed by FPLC and UV-
Visible absorption spectroscopy.  Results showed all strains containing pWSK29 (wild-
type, ∆entS, and ∆fepA) produced similar levels of monomer, dimer (peak 1), and trimer 
#1 (peak 2, Figure 3.3 A).  Wild-type and ∆entS strains containing pWSK29 also showed 
similar amounts of extracellular trimer #2 (peak 3) and enterobactin (peak 4, Figure 3.3 A). 
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Figure 3.1. Nickel exposure extends lag phase duration in cells containing pWSK29. (A) 
Growth curves of wild type MG1655 E. coli cells in M9 gluconate media exposed to 50 
µM nickel chloride.  (B) Lag phase duration calculated from the growth curve data shown 
in Figure 3.1 A.  All growths were repeated in triplicate (n=3) and error bars indicate one 
standard deviation from the mean value. 
B  
A  
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Figure 3.2. Nickel exposure extends lag phase duration in cells containing pEntCEBA. (A) 
Growth curves, (B) lag phase duration, and (C) Arnow units at 21 hours of wild-type, 
∆entS, and ∆fepA strains.  All growths were repeated in triplicate (n=3) and error bars 
indicate one standard deviation from the mean value. 
 
B  
A  
C  
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Figure 3.3.  FPLC siderophore profile of cells containing pWSK29 (A) or pEntCEBA (B) 
Spent media with 50µM NiCl2 was filtered and enterobactin-related metabolites were 
separated by FPLC.  Elution volumes are shown across the bottom axis.  The elution peak 
annotated ‘1’ refers to the linear dimer, ‘2’ refers to the hydrolytically cleaved linear trimer, 
‘3’ refers to the non-hydrolytically cleaved linear trimer, and ‘4’ refers to cyclized 
enterobactin. 
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Wild-type and ∆entS strains containing pWSK29 also showed similar amounts of 
extracellular trimer #2 (peak 3) and enterobactin (peak 4, Figure 3.3 A).  The ∆fepA strain 
containing pWSK29 showed increased levels of trimer #2 (peak 3) and enterobactin (peak 
4, Figure 3.3 A).  Wild-type, ∆entS, and ∆fepA strains containing pEntCEBA showed 
similar amounts of monomer, dimer (peak 1), and trimer #1 (peak 2, Figure 3.3 B), and 
enterobactin (peak 4, Figure 3.3 B).  While, ∆fepA (pEntCEBA) showed less extracellular 
trimer #2 (peak 3, Figure 3.3 B).  A full wavelength scan confirmed that pEntCEBA 
expressing strains produce more monomer, dimer, and trimer #1 (Figure 3.4).  Again, 
∆fepA pEntCEBA produces the most enterobactin and trimer #2 (Figure 3.5) likely because 
enterobactin is not efficiently transported back into the cell and accumulates even further 
in the media. 
 Due to varying polarity, enterobactin and its hydrolysis products can also be 
isolated and quantified by ethyl acetate extraction (O’Brien and Gibson, 1970).  Therefore, 
supernatants were twice extracted using 100 % ethyl acetate (Winkelmann et al., 1994) and 
the purified samples scanned by UV-Visible absorption spectroscopy.  The appropriate 
extinction coefficient was used to measure extracellular enterobactin and its hydrolysis 
products (Table 3.1).   
 
Enterobactin and its hydrolysis products bind iron and nickel 
In order to assess the metal-binding properties of enterobactin and its hydrolysis 
products, further characterization was required.  Siderophores were purified using fast 
protein liquid chromatography (Figure 3.6) or ethyl acetate extraction (Figure 3.7) and then  
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Figure 3.4.  UV-visible spectra of monomer (A), dimer (B), and trimer #1 (C).  Spent 
media with 50 µM NiCl2 was filtered and enterobactin-related metabolites were separated 
by FPLC.  Monomer (fraction #8), dimer (fraction #11), trimer #1 (fraction #15), were 
assessed by UV-visible absorption spectroscopy. 
 
B  
A  
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Figure 3.5.  UV-visible spectra of trimer #2 (A) and enterobactin (B).  Spent media with 
50 µM NiCl2 was filtered and enterobactin-related metabolites were separated by FPLC. 
Trimer #2 (fraction #19), and enterobactin (fraction #23) were assessed by UV-visible 
absorption spectroscopy. 
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Table 3.1.  Quantification of siderophores extracted by ethyl acetate. 
 
Enterobactin and its hydrolysis products in A 1:1 100 % ethyl acetate is reported in µM 
using the appropriate extinction coefficient (O’Brien and Gibson, 1970).  In ethyl acetate, 
the extinction coefficient of monomer (314nm) 3100 M-1•cm-1, dimer (315nm) 6200 M-
1•cm-1, trimer #1 (315nm) 9360 M-1•cm-1, trimer #2 (316nm) 9400 M-1•cm-1, and 
enterobactin (316nm) 9390 M-1•cm-1. 
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Figure 3.6.  Nickel exposure affects metal binding of extracellular siderophores purified 
by FPLC.  Spent media with 50 µM NiCl2 was filtered and enterobactin-related metabolites 
were separated by FPLC.  Monomer (fraction #8), dimer (fraction #11), trimer #1 (fraction 
#15), and Trimer #2 (fraction #19) were assessed for iron (A) and nickel (B) content using 
AAS. 
B  
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Figure 3.7.  Nickel exposure affects metal binding of extracellular siderophores purified 
by ethyl acetate extraction.  Spent media with 50 µM NiCl2 was filtered and enterobactin-
related metabolites were separated by ethyl acetate extraction and analyzed for iron (A) or 
nickel (B) using AAS. 
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analyzed using atomic absorption spectroscopy (AAS).  Upon nickel exposure, 
enterobactin hydrolysis products bind less iron and more nickel (Figure 3.6).  In contrast, 
when enterobactin is considered, the overall amount of extracellular iron-bound 
siderophores are not changed in the presence of nickel but the amount of nickel-bound 
siderophores are still increased (Figure 3.7). 
 
DISCUSSION 
 Wild-Type MG1655 cells containing the control pWSK29 vector show similar 
sensitivity to nickel exposure with and without enterobactin export (entS) and import (fepA) 
genes (Figure 3.1 A).  This is evident by the lag phase duration time and the production of 
siderophores (Figure 3.1 B, C).  In contrast, constitutive expression of enterobactin 
biosynthesis genes (entCEBA) can affect bacterial cell response to nickel exposure (Figure 
3.2 A).  Deletion of enterobactin exporter gene, entS, in combination with constitutive 
expression of the ent operon (entCEBA) promotes nickel resistance.  Whereas, constitutive 
expression alone or in combination with ∆fepA is not sufficient for a significant amount of 
rescue.  This is supported by a lag phase duration time and extracellular siderophore 
production (Figure 3.2 B, C).  The presence of extracellular enterobactin and trimer #2 is 
elevated in ∆fepA pWSK29 expressing cells (Figure 3.3 A).  Similarly, enterobactin and 
trimer #2 are elevated in pEntCEBA expressing cells (Figure 3.4 B).  There are differences 
observed in the production of monomer, dimer, and trimer #1 (Figure 3.3 and Figure 3.4).  
The amount of monomer, dimer, and trimer #1 are increased in pEntCEBA expressing cells 
which may contribute to the partial rescue of the ∆entS pEntCEBA strain (Figure 3.3 and 
Figure 3.4).  It is known that 2, 3-dihydroxybenzoic acid is similar to the chemical structure 
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of monomer and can chelate nickel (Aletras et al., 2001).  In general, siderophores have 
been shown to protect against metal toxicity by chelating the metal (Koh and Henderson, 
2015; Braud et al., 2009; Braud et al., 2009; Braud et al., 2010; Chen et al., 1994).  In order 
to address this possibility, siderophores were isolated using two methods and analyzed for 
metal-binding by AAS.  In both cases, it is clear that enterobactin and its hydrolysis 
products bind iron.  However, enterobactin hydrolysis products can also bind nickel (Figure 
3.6 and Figure 3.7).   Taken together, these findings support the notion that siderophore 
production promote nickel resistance in Escherichia coli.   
 EntS is the only known exporter for enterobactin; however, it has been previously 
shown that ∆ents bacterial strains can secrete low levels of enterobactin (Caza et al., 2011).  
Herein, we show that ∆ents pEntCEBA expressing cells have the highest level of monomer, 
dimer, and trimer #1 which are most soluble in aqueous solutions (Figure, 3.4) in 
comparison to organic solvent (Table 3.1).  Additionally, the presence of trimer #2 and 
enterobactin do not assist in rescue.  It is also apparent that the monomer, dimer, and trimer 
#1 preferentially bind and chelate nickel preventing its uptake and providing a protective 
effect (Figure 3.6).  ∆ents pEntCEBA containing cells are expected to synthesis 
enterobactin inside the cell without secreting it.  Therefore, it is also likely that an 
accumulation of intracellular enterobactin may play a protective role against nickel 
toxicity.  It is proposed that intracellular siderophores may bind to protein preventing 
damage from metals (Rasha, 2017; Anahida et al., 2011).  Also, siderophores have been 
shown to promote biofilm formation (Harrison and Bucking, 2009; Marti et al., 2011) 
leading to antibiotic resistance (Tseng et al., 2013).   
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CHAPTER 4 
IDENTIFYING FUNTIONAL REDUNDANCIES IN A-TYPE CARRIER 
PROTEINS IN E. COLI 
ABSTRACT 
E. coli A-type carrier proteins have been phylogenomically and genetically 
characterized.  However, the biochemical interactions among ATCs have not been fully 
studied.  Herein, we characterize the as-purified and reconstituted holo E. coli A-type 
carrier proteins, ErpA, IscA, and SufA.  Using iron and sulfide analysis, circular dichroism, 
and EPR it has been confirmed that these proteins can coordinate a [2Fe-2S] cluster.  IscA 
and SufA can transfer their clusters to other A-type carrier proteins or receive a cluster 
from the scaffold protein SufBC2D.  The percentage and rate of transfer support that IscA 
may transfer its cluster to ErpA in vivo.  Although, the percentage of transfer from SufA to 
ErpA is lower, the transfer occurs quickly.  ErpA can also transfer its cluster to IscA, but 
the rate and percentage of this reaction seems unlikely in vivo. 
   
            INTRODUCTION 
A-Type carriers (ATCs) are a class of proteins that have unclear biochemical and 
cellular functions (Vinella et al., 2009).  Phylogenomic studies show that there are three 
A-type carrier proteins in E. coli that have evolved into two subfamilies.  The first 
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subfamily (ATC-I) are thought to transfer Fe-S clusters to apoproteins while the second 
(ATC-II) receives its clusters from a scaffold protein (Vinella et al., 2009).  ErpA is 
classified as ATC-I.  IscA and SufA are designated in the ATC-II subfamily.  These three 
proteins structurally similar and share 30% amino acid sequence identity (Figure 4.1; 
Cupp-Vickery et al., 2004; Wada et al., 2005) and may have overlapping functions in vivo.  
Genetic studies show that the deletion of iscA and sufA genes is synthetically lethal in E. 
coli under aerobic conditions, but that strain is viable under anaerobic conditions.  A single 
deletion of the erpA gene also results in lethality under aerobic conditions and viability 
under anaerobic conditions (Loiseau et al., 2007).  ErpA has also been shown to interact 
with IscA and SufA (Py et al., 2018).  These results suggest functional redundancy amongst 
the ATC-II proteins (Figure 4.2; Vinella et al., 2009).  However, there is little to no 
biochemical evidence supporting this model.  Our goal in this work is to biochemically 
characterize apo and holo forms of the three E. coli ATC proteins and determine whether 
in vitro functional redundancies occur.   
 
MATERIALS AND METHODS 
Protein expression and purification 
ErpA was amplified from MG1655 chromosomal DNA as a template using the 
forward 5’-TAAACATATGAGTGATGACGTAGCACTGCCGC-3’ and reverse 5’-
ATAGGGATCCTTAGATACTAAAGGAAGAACCGCAA-3’ primers. PCR products 
were digested with BamHI and NdeI and cloned into the corresponding sites of pET21a 
(Novagen).  The nucleotide sequence of the plasmid insert was confirmed by DNA  
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Figure 4.1 E. coli A-type carrier amino acid sequences and ribbon diagrams. (A) Sequence 
alignment of Escherichia coli A-type carrier proteins.  Conserved cysteines and identical 
residues are highlighted in yellow and blue, respectively. (B) Ribbon diagram of the E. coli 
SufA dimer. (C) Ribbon diagram of E. coli IscA tetramer. (D) Ribbon diagram overlay of 
E. coli SufA (blue) and IscA (green) monomers overlaid. 
 
 
A  
B   C  
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Figure 4.2 Proposed directionality model of Fe-S cluster trafficking amongst SufBC2D 
(green: the scaffold protein), SufA, IscA (yellow: Type II A-type protein), and ErpA 
(purple: Type I A-type protein). 
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sequencing.  The pET21a vector containing the erpA gene was induced via an inducible 
IPTG promoter with 500 µM IPTG in order to over-express ErpA in BL21(DE3) cells.  
Four liters of cells were cultured at 37 °C to an OD 600 nm of 0.6 to 0.8 before IPTG 
induction at 18°C overnight.  Cells were collected via centrifugation and stored at -80 °C.  
Cell pellets were re-suspended in 25 mM Tris-HCl, pH 7.5, 10 mM bME, 100 mM NaCl 
and 1 mM phenylmethanesulfonyl fluoride (PMSF) then lysed via sonication.  Cellular 
debris was mixed with streptomycin sulfate and centrifuged at 16,000 rpm at 4 °C.  Cleared 
cell lysate was loaded onto a Q Sepharose ionic exchange column pre-equilibrated with 25 
mM Tris-HCl, pH 7.5, 10 mM bME, and 100 mM sodium chloride (NaCl).  ErpA was 
eluted between 0.35 M to 0.48 M NaCl using a linear gradient starting with Buffer A (25 
mM Tris-HCl, pH 7.5, 10 mM bME) to Buffer B (25 mM Tris-HCl, pH 7.5, 10 mM bME, 
and 1 M NaCl).  Eluted protein was loaded onto a Phenyl FF column pre-equilibrated with 
25 mM Tris-HCl, pH 7.5, 10 mM bME, and 1 M NH4SO4.  ErpA was eluted between 0.42 
M to 0 M NH4SO4 using a linear gradient starting from 1 M NH4SO4 to 0 M NH4SO4.  
ErpA eluted at 0.27 M NH4SO4 of Buffer B (25 mM Tris-HCl, pH 7.5, 10 mM bME, and 
0 M NH4SO4).  Eluted protein was concentrated using Millipore centrifugal devices and 
loaded onto the Superdex 75 size exclusion column.  Pure protein eluted at 19.0 kDa, was 
concentrated, and stored at -80 °C. 
IscA was amplified from MG1655 chromosomal DNA as a template using the 
forward 5’-TAAACATATGTCGATTACACTGAGCGACAGTG-3’ and reverse 5’-
ATAGGGATCCTCAAACGTGGAAGCTTTCGCCGCAA-3’ primers. PCR products 
were digested with BamHI and NdeI and cloned into the corresponding sites of pET21a 
(Novagen).  The nucleotide sequence of the plasmid insert was confirmed by DNA 
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sequencing.  The pET21a vector containing the iscA gene was induced via an inducible 
IPTG promoter with 500 µM IPTG in order to over-express IscA in BL21(DE3) cells.  Four 
liters of cells were cultured at 37 °C to an OD 600 nm of 0.6 to 0.8 before IPTG induction 
at 18 °C overnight.  Cells were collected via centrifugation and stored at -80 °C.  Cell 
pellets were re-suspended in 25 mM Tris-HCl, pH 7.5, 10 mM bME, 100 mM NaCl and 1 
mM phenylmethanesulfonyl fluoride (PMSF) then lysed via sonication.  Cellular debris 
was mixed with streptomycin sulfate and centrifuged at 16,000 rpm at 4 °C.  Cleared cell 
lysate was loaded onto a Q Sepharose ion exchange column pre-equilibrated with 25 mM 
Tris-HCl, pH 7.5, 10 mM bME, and 100 mM NaCl.  IscA eluted at 0.26 M to 0.54 M NaCl 
using a linear gradient starting with Buffer A (25 mM Tris-HCl, pH 7.5, 10 mM bME) to 
Buffer B (25 mM Tris-HCl, pH 7.5, 10 mM bME, and 1 M NaCl).  Eluted protein was 
loaded onto a Phenyl FF column pre-equilibrated with 25 mM Tris-HCl, pH 7.5, 10 mM 
bME, and 1 M NH4SO4.  IscA eluted at 0.42 M to 0 M NH4SO4 using a linear gradient 
starting from 1 M NaCl to 0 M NH4SO4.  Eluted protein was concentrated using Millipore 
centrifugal devices and loaded onto the Superdex 75 size exclusion column.  Pure protein 
eluted at 33.9 kDa, was concentrated, and stored at -80 °C. 
SufA was amplified from MG1655 chromosomal DNA as a template using the 
forward 5’-TAAACATATGGACATGCATTCAGGAACCTTTA-3’ and reverse 5’- 
ATAGGGATCCCTATACCCCAAAGCTTTCGCCACAG-3’ primers. PCR products 
were digested with BamHI and NdeI and cloned into the corresponding sites of pET21a 
(Novagen).  The nucleotide sequence of the plasmid insert was confirmed by DNA 
sequencing.  The pET21a vector containing the sufA gene was induced via an inducible 
IPTG promoter with 500 µM IPTG in order to over-express SufA in BL21(DE3) cells.  
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Four liters of cells were cultured at 37 °C to an OD 600 nm of 0.6 to 0.8 before IPTG 
induction at 18 °C overnight.  Cells were collected via centrifugation and stored at -80 °C.  
Cell pellets were resuspended in 25 mM Tris-HCl, pH 7.5, 10mM bME, 100 mM NaCl 
and 1 mM phenylmethanesulfonyl fluoride (PMSF) then lysed via sonication.  Cellular 
debris was mixed with streptomycin sulfate and centrifuged at 16,000 rpm at 4 °C.  Cleared 
cell lysate was loaded onto a Q Sepharose ion exchange column pre-equilibrated with 25 
mM Tris-HCl, pH 7.5, 10 mM bME, and 100 mM NaCl.  SufA eluted between 0.26 M to 
0.42 M using a linear gradient starting with Buffer A (25 mM Tris-HCl, pH 7.5, 10 mM 
bME) to Buffer B (25 mM Tris-HCL, pH 7.5, 10 mM bME, and 1 M NaCl).  Eluted protein 
was loaded onto a Phenyl FF column pre-equilibrated with 25 mM Tris-HCl, pH 7.5, 10 
mM bME, and 1 M NH4SO4.  SufA eluted at 0.42 M to 0 M NH4SO4 using a linear gradient 
starting from 1 M NaCl to 0 M NH4SO4.  Eluted protein was concentrated using Millipore 
centrifugal devices and loaded onto the Superdex 75 size exclusion column.  Pure protein 
eluted at 28.2 kDa, was concentrated, and stored at -80 °C. 
The pBADmycHisC vector containing the sufABCDSE operon (Outten et al., 2003) 
was induced via an inducible arabinose promoter with 0.2% arabinose in order to over-
express SufBC2D in BL21(DE3) cells and purified as previously described (Layer et al., 
2007).  Four liters of cells were cultured at 37 °C to an OD 600 nm of 0.6 to 0.8 before 
arabinose induction at 18 °C overnight.  Cells were collected via centrifugation and stored 
at -80 °C.  Cell pellets were re-suspended in 25 mM Tris-HCl, pH 7.5, 10 mM bME, 100 
mM NaCl and 1 mM phenylmethanesulfonyl fluoride (PMSF) then lysed via sonication.  
Cellular debris was mixed with streptomycin sulfate and centrifuged at 16,000 rpm at 4 °C.  
Cleared cell lysate was loaded onto a Phenyl FF column pre-equilibrated with 25 mM Tris-
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HCl, pH 7.5, 10 mM bME, and 1 M (ammonium sulfate) NH4SO4.  SufBC2D was eluted 
using a linear gradient starting from 1 M NH4SO4 to 0 M NH4SO4.  Eluted protein was 
diluted and then loaded onto a Q Sepharose ion exchange column pre-equilibrated with 25 
mM Tris-HCl, pH 7.5, 10 mM bME, and 100 mM NaCl.  SufBC2D was eluted using a 
linear gradient starting with Buffer A (25 mM Tris-HCl, pH 7.5, 10 mM bME) to Buffer 
B (25 mM Tris-HCL, pH 7.5, 10 mM bME, and 1 M NaCl).  Eluted protein was 
concentrated and loaded onto a the Superdex 200 size exclusion column with 25mM Tris-
HCl, pH 7.5, 10mM bME, 100mM NaCl buffer.  Pure protein was concentrated and stored 
at -80 °C.  Protein standards (GE Healthcare) were also re-suspended in 25 mM Tris-HCl, 
pH 7.5, 10 mM bME, 100 mM NaCl buffer and run using the Superdex 200 size exclusion 
column. 
 
In vitro Reconstitution of A-Type Carrier Proteins 
Apo-proteins or proteins without an Fe-S cluster were treated with a 50-fold molar 
ratio of EDTA and 20-fold molar ratio of ferricyanide between 10 to 60 minutes on ice 
followed by desalting (Kennedy and Beinert, 1988).  In order to form a holo-protein or a 
protein that contains an Fe-S cluster, apo-proteins (100 µM) were incubated in the 
anaerobic chamber in 500 µl (total volume) of reconstitution buffer (25 mM Tris-HCl, pH 
7.5, 10 mM bME, and 100 mM NaCl) plus 5 mM DTT (dithiothreitol).    Then a catalytic 
amount of SufS and SufE (4 µM) was added before adding 8-fold molar excess of ferrous 
ammonium sulfate and a 10-fold molar excess of L-cysteine to protein concentration.    
Over 30 minutes to an hour, cluster formation was monitored by UV-Visible absorption 
spectroscopy.  The mixture was loaded onto an anaerobic 1 ml Q FF column pre-
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equilibrated with 25 mM Tris-HCl, pH 7.5, 10 mM bME, and 0mM to 100 mM NaCl 
(without DTT).  The column was washed with anaerobic reconstitution buffer before 
elution with 25 mM Tris-HCl, pH 7.5, 10 mM bME, and 500 mM to 1M NaCl (without 
DTT).   
Iron content was determined using the ferrozine assay (Riemer et al., 2004).  Size 
exclusion measurements were calibrated using known molecular weight determination 
standards and calculated using an equation obtained by the standard curve.  UV-visible 
absorption spectra were recorded using a Beckman DU-800 spectrophotometer.  CD 
spectra were recorded under anaerobic conditions using a Jasco J-815 spectropolarimeter 
(Jasco, Hachioji, Japan) using a 1cm cuvette.   
 X-band EPR samples (300 µl total volume) containing 300 to 600 µM total iron 
were reduced with 5 mM DTT (final concentration) for approximately 10 minutes before 
storing sample in liquid nitrogen.  Spectra were recorded using a Bruker EMX plus 
spectrometer (~9.4 GHz, Bruker, Billerica, MA) equipped with an ESR900 continuous 
flow cryostat (Oxford Instruments, Concord, MA)   at 4 K, 35 K, and 70 K.  The amount 
of spin for each sample was calculated under non-saturating conditions at 35 K using 
double integration values of the samples and 1mM Cu EDTA standard. 
 
Fe-S Cluster Transfer Monitored by Circular Dichroism 
As a control, the appropriate holo-protein (donor) alone (80 µM iron content, 40 
µM cluster) was scanned at 0- and 1-hour at 25 °C in a 1 cm path length anaerobic cuvette 
using a JASCO J-815 spectrometer. For transfer reactions, 80 µM of apo-protein (acceptor) 
was added to the holo-protein donor (80 µM iron content, 40 µM cluster) at a total volume 
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of 300 µl in 25 mM Tris-HCl (final salt concentration between 100 to 200 mM NaCl).  The 
Fe-S cluster transfer was monitored by CD every 10 minutes for 1 hour at 25 °C in a 1 cm 
path length anaerobic cuvette using a JASCO J-815 spectrometer.  These same conditions 
were used for all combinations of holo-donor and apo-acceptor proteins shown in the 
Results. 
 
Fe-S Cluster Formation Monitored by Circular Dichroism with and without 
SufBC2D  
As a control, apo-IscA or apo-SufA alone (200 µM protein) was scanned every 5 
minutes at 25 °C in a 1 cm path length anaerobic cuvette using a JASCO J-815 
spectrometer. SufBC2D (8 µM protein) was added to either apo-IscA or apo-SufA (200 µM 
protein) at a total volume of 300 µl in 25 mM Tris-HCl.  The formation of Fe-S cluster 
onto either IscA or SufA reached completion after 10 minutes.   
 
RESULTS  
Oligomeric State of Purified A-Type carrier proteins in E. coli 
A-Type carrier proteins have Fe-S clusters that are semi-stable in air and partially 
maintained during aerobic purification.  The ATCs also have distinct UV-visible and CD 
(circular dichroism) spectra in the 300 nm to 600 nm range that represents the Fe-S cluster 
coordination environment of the individual proteins.  Spectra were recorded for all proteins 
after aerobic purification (Figure 4.3).  Iron content of as-purified proteins was determined 
by the ferrozine assay (Table 4.1).  The as-purified CD spectra of ErpA differs from that 
of IscA and SufA by forming a peak at 345 nm.  IscA has less distinct features compared 
88	  
to ErpA and SufA.  However, the 330 nm to 370 nm range shows a pronounced decrease 
in the CD spectra in comparison to ErpA and SufA (Figure 4.3 B).   
The monomeric weight of A-type carrier proteins can be theoretically calculated 
using the appropriate amino acid sequence.  The crystal structure and Fe-S cluster 
coordination chemistry shows that oligomeric protein states exist in vivo.  Size-exclusion 
chromatography using protein standards of known molecular weight can be used in order 
to determine the oligomeric state of as-purified ErpA, IscA, and SufA.  According to the 
standard curve (R2 = 0.99158) generated by the calibration standards, ErpA purifies as a 
19.0 kilodalton dimeric complex, IscA as a 33.9 trimeric complex, and SufA as a 28.2 
kilodalton dimeric complex (Figure 4.4; Table 4.1).  The theoretical monomeric mass of 
ErpA, IscA, and SufA is 12.1, 11.6, and 13.3 kilodaltons (kD).   
 
Real-time reconstitution monitoring of E. coli ATCs 
Due to some loss of Fe-S cluster content during aerobic purification, A-type carrier 
proteins were reconstituted by incubation with ferrous ammonium sulfate, L-cysteine, 
dithiothreitol, SufS, and SufE under anaerobic conditions.  The UV-visible absorption 
spectra were monitored over time during the reconstitution of ErpA, IscA, and SufA 
(Figure 4.5).  The reconstitution reaction of ErpA shows the formation of thio-ferrate or 
iron-sulfur chain byproducts.  This side reaction can be monitored by an increase in 
absorption at 600 nm.  ErpA reconstitution reaches completion after approximately 30 
minutes (Figure 4.5 A).  Similarly, IscA and SufA reconstitution reactions reach 
completion after approximately 30 minutes and then begin to form thioferrate byproducts  
(Figure 4.5 A).  The reactions require purification using an ionic exchange Q-Sepharose  
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Figure 4.3 (A) Comparison of UV-visible absorption and (B) CD spectra of as-purified 
ErpA, IscA, and SufA.  
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Table 4.1 Biochemical properties of ErpA, IscA, and SufA.   
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Figure 4.4 Size-exclusion chromatography (SEC) of Superdex 75 (A) calibration standard 
proteins and (B) A-type carrier proteins with standards. 
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Figure 4.5 UV-visible monitored Fe-S cluster formation of (A) ErpA, (B) IscA, and (C) 
SufA.  
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column in order remove byproducts from reconstituted holo-protein. 
 
Characterization of reconstituted A-Type carrier proteins 
 The UV-visible spectra of purified holo-ErpA and holo-SufA produces an intense 
shoulder peak at 330 nm and a peak at 420 nm which is indicative of a [2Fe-2S] cluster 
(Figure 4.6 A).  The CD spectra of reconstituted and purified holo-ErpA, holo-IscA, and 
holo-SufA are more intense than the as-purified samples suggesting that proteins contain a 
higher amount of iron in comparison (Figure 4.6 B).  After removing byproducts, the iron 
per monomer of holo-ErpA, holo-IscA, and holo-SufA increased to 1.88, 1.40, and 1.32, 
respectively.  The stability of each protein was observed using CD after 1 hour under 
anaerobic conditions.  All of the holo-ATC proteins showed little to no change in their CD 
spectra indicating the holo-proteins are stable enough at room temperature in order to 
proceed with further studies (Figure 4.7) 
Electron paramagnetic resonance (EPR) can be used to determine the cluster type 
assembled onto iron-containing proteins such as the holo-form of A-type carrier proteins.  
At a higher temperature of 70 K, ErpA, IscA, and SufA have more distinct features whereas 
the EPR spectra is saturated at 4 K.  These features are indicative of a [2Fe-2S] 1+ reduced 
cluster which has a slower relaxation time in comparison to a [4Fe-4S] cluster (Figure 4.8; 
Figure 4.9; Figure 4.10).  The g-values of ErpA at 2.02, 2.00, and 1.96 produce an axial 
shape EPR spectra (Figure 4.8).  The EPR spectra of IscA is also axial with g-values at 
2.02, 2.00, and 1.97.  The g-values produced by the rhombic EPR spectra of SufA are 2.02, 
2.00, 1.92 and 2.01, 2.00, 1.96.  Using the double integration values of a non-saturated 1  
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Figure 4.6 (A) Comparison of UV-visible absorption and (B) CD spectra of purified 
reconstituted ErpA, IscA, and SufA.  
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Figure 4.7 CD-monitored stability spectra of pure reconstituted (A) ErpA, (B) IscA, and 
(C) SufA. 
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Figure 4.8 Comparison of EPR spectra of [2Fe-2S] cluster of ErpA. 
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Figure 4.9 Comparison of EPR spectra of [2Fe-2S] cluster of IscA. 
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Figure 4.10 Comparison of EPR spectra of [2Fe-2S] cluster of SufA. 
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mM Cu EDTA standard, the spin per mole of cluster was determined for each A-type 
carrier protein.  ErpA, IscA, and SufA treated with a 5 mM DTT (final concentration) 
resulted in 0.1 %, 1.7 %, and 1.3 % spin per mole of cluster, respectively. 
 
SufBC2D can transfer its Fe-S cluster to either IscA or SufA 
In order to determine whether SufBC2D preferentially assembles an Fe-S cluster 
onto IscA or SufA, apo-IscA or apo-SufA was mixed with SufBC2D without DTT.  The 
presence of DTT can assist in Fe-S cluster formation onto IscA and SufA.  Therefore, each 
reaction mixture was set up without DTT in order to ensure that the Fe-S cluster was 
transferred from SufS and SufE as the sulfur source from SufBC2D onto the A-type protein.  
The CD spectra of SufA and IscA alone changes minimally in the absence of SufBC2D 
(Figure 4.11 A; Figure 4.12 A).  The presence of SufBC2D increasing the CD spectra 
intensity suggesting that an Fe-S cluster is being assembled onto the A-type carrier protein 
(Figure 4.11 B; Figure 4.12 B).  The overall changes in the CD spectra show that SufBC2D 
assists in the Fe-S cluster assembly onto SufA and IscA by 4-fold and 1.6-fold, 
respectively.  In the first 10 minutes, the rate of Fe-S cluster assembly onto SufA is 11.6 
times faster than onto IscA when using the SufBCDSE assembly system. 
 
 [2Fe-2S] clusters can be transferred to ErpA 
Apo-proteins were not pre-reduced before starting transfer experiments and 
therefore may show reduced transfer efficiency if compared to using fully reduced apo-
proteins.  The CD spectra of [2Fe-2S] IscA shows an increase in the 350 nm, 450 nm, and  
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Figure 4.11 (A) CD-monitored spectra of Fe-S cluster formation onto SufA (B) in the 
presence of SufBC2D.  
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Figure 4. 12 (A) CD-monitored spectra of Fe-S cluster formation onto IscA(B) in the 
presence of SufBC2D.  
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520 nm regions in the presence of apo-ErpA and apo-SufA suggesting that the cluster may 
partially be transferred to either protein.  The overall change in the CD spectra results in 
approximately 70 % or 30 % of cluster transfer to apo-ErpA or apo-SufA, respectively 
(Figure 4.13 A and Figure 4.13 B).  Kinetic data acquired for transfer from holo-IscA to 
apo-ErpA using an association then dissociation fit equation produced a 0.9946 correlation 
coefficient.  Kinetic data acquired for transfer from holo-IscA to apo-SufA using a one-fit 
association fit equation produced a 0.9306 correlation coefficient.  The Kon value for holo-
IscA to apo-ErpA was reported in GraphPad Prism as 7995 M-1 cm-1.  The K value for 
holo-IscA to apo-SufA was reported in GraphPad Prism as 0.1014 min-1. The concentration 
of cluster (M-1) was used in order to calculate the Kon value of 2535 M-1 cm-1.  Also, the 
rate of transfer to apo-ErpA reaches maximum transfer after 20 minutes compared to 30 
minutes with apo-SufA (Figure 4.13 A).   
The CD spectra of [2Fe-2S] SufA decreases in the 450 nm range suggesting that 
the cluster may partially be transferred to apo-ErpA (Figure 4.14 A) and apo-IscA (Figure 
4.14 B).  The overall changes in CD spectra result in a maximum of 70 % transfer to apo-
ErpA after 10 minutes (Figure 4.14 A) and 70 % to apo-IscA after 30 minutes (Figure 4.14 
B).  Kinetic data acquired for transfer from holo-SufA to apo-ErpA using an association 
then dissociation fit equation produced a 0.9952 correlation coefficient.  Kinetic data 
acquired for transfer from holo-SufA to apo-SufA using a one-fit association fit equation 
produced a 0.9972 correlation coefficient.  The Kon value for holo-SufA to apo-ErpA was 
reported in GraphPad Prism as 45421 M-1 cm-1.  The K value for holo-SufA to apo-IscA 
was reported in GraphPad Prism as 0.1048 min-1. The concentration of cluster (M-1) was 
used in order to calculate the Kon value of 24880 M-1 cm-1.   
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Figure 4.13 CD-monitored transfer of [2Fe-2S] IscA to (A) apo-ErpA (B) and apo-SufA. 
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Figure 4.14 CD-monitored transfer of [2Fe-2S] SufA to (A) apo-ErpA (B) and apo-IscA. 
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The CD spectra of [2Fe-2S] ErpA shows a decrease in the 350 nm region in the 
presence of apo-IscA suggesting that the cluster may be partially be transferred to apo-IscA  
Figure 4.15 A).  In contrast, the CD spectra of the holo-ErpA with apo-SufA shows that 
the cluster cannot be transferred to SufA and does not resemble that of holo-SufA (Figure 
4.15 B).  No model provided accurate fitting and kinetic analysis was not obtained. 
 
DISCUSSION 
It has been previously shown that bacterial IscA and SufA can coordinate a [2Fe-
2S] cluster (Mapolelo et al., 2012; Gupta et al., 2009).  The holo forms of IscA and SufA 
can be transferred to scaffold proteins (Chahal et al., 2009; Ollagnier-de-Choudens et al., 
2004; Mapolelo et al., 2012).  Our results showing an enhancement of Fe-S cluster 
formation onto SufA and IscA in the presence of the SufBC2D scaffold protein supports 
previous findings and the model proposed by Vinella et al., 2009 (Figure 4.2).  The suf 
operon contains both sufA and sufBCD.  Additionally, studies show that SufBC2D can 
transfer its cluster to SufA (Takahasi and Tokumoto, 2002; Chahal et al., 2009; Chahal and 
Outten 2012).  SufBC2D has not been shown to transfer its cluster to IscA.  The scaffold 
protein IscU can transfer its cluster to IscA (Ollagnier-de-Choudens et al., 2004).  Although 
our results show that SufBC2D can also transfer its cluster to IscA, there is a higher transfer 
efficiency between SufBC2D and SufA suggesting that this may occur in vivo.  The model 
also predicts that type II A-type carriers such as SufA and IscA can transfer its cluster to 
the type I ErpA (Figure 4.2).  Our results show the holo-IscA can transfer its cluster to 
either ErpA or SufA.  Holo-IscA preferentially transfers it cluster ErpA in comparison to 
SufA.  Py et al., did show that ErpA has a higher affinity for IscA in comparison to SufA  
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Figure 4.15 CD-monitored transfer of [2Fe-2S] ErpA to (A) apo-IscA (B) and apo-SufA 
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(Py et al., 2018).   Holo-SufA can transfer its cluster to either ErpA or IscA but favors 
ErpA.  According to the proposed model, it is expected that ErpA cannot transfer its cluster 
in the reverse direction to type II IscA and SufA.  Our results show a slight decrease in the 
CD spectra at 350 nm of holo-ErpA in the presence of apo-IscA suggesting that ErpA may 
be able to transfer its cluster in the reverse direction.  The lack of data fitting refutes this 
claim.  Taken together, these findings support the model proposed by Vinella et al., 2009 
and provide a more holistic view of Fe-S cluster trafficking amongst A-type carrier proteins 
in E. coli (Figure 4.16).  It is noteworthy to mention that apo-proteins were not pre-reduced 
before starting the transfer reactions so partial transfer may be occurring or some protein 
may be more susceptible to oxygen.  Deletion to iscA in combination with high oxygen 
exposure is lethal in bacteria (Johnson et al., 2006). 
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Figure 4.16 Revised directionality model of Fe-S cluster trafficking amongst SufBC2D 
(green: the scaffold protein), SufA, IscA (yellow: Type II A-type protein), and ErpA 
(purple: Type I A-type protein).  The green arrows depict preferential directionality, yellow 
depicts a potential secondary action, and red depict a block in directionality or no transfer. 
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CHAPTER 5 
GRX4 TRANSFERS A [2FE-2S] CLUSTER TO A-TYPE CARRIER PROTEINS 
IN E. COLI 
ABSTRACT 
        Glutaredoxins are generally known as redox proteins.  Biochemical studies show that 
monothiol glutaredoxins including Escherichia coli (E. coli) Grx4 can bind and transfer its 
cluster to apoproteins such as ferredoxin.  The novel role of glutaredoxins in Fe-S cluster 
metabolism is unclear.  However, understanding the role and its interactions may provide 
a novel therapeutic target for drug treatment.  Herein, we biochemically characterize E. 
coli Grx4 using EPR and circular dichroism spectroscopies.  It is shown that E. coli Grx4 
coordinates a [2Fe-2S] cluster that can be transferred to E. coli A-type carrier proteins.  The 
percentage and rate of cluster transfer suggests that Grx4 may transfer its cluster to IscA in 
vivo.  Due to transfer rates and percentages obtained, it seems unlikely that this process is 
bi-directional. 
 
             INTRODUCTION 
E. coli Glutaredoxin 4 is structurally similar to the yeast Saccharomyces cerevisiae 
yGRX5 which has been associated with Fe-S cluster metabolism (Figure 5.1 A; Herrero 
and Ruiz, 2007).  The crystal structure of E. coli Grx4 also referred to as GrxD reveals a 
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Figure 5.1 (A) Structure of monothiol glutaredoxins (green: mitochondrial targeting 
sequence; thioredoxin domain; blue: red: glutaredoxin domain). (B) Ribbon diagram of E. 
coli monomer and (C) dimer.
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monomeric structure or homodimeric structure (Figure 5.1 B, C).  The homodimer can bind 
two molecules of glutathione and a [2Fe-2S] cluster (Iwema et al., 2009).  Glutathione 
assists in Fe-S cluster coordination of homodimeric glutaredoxins (Wang et al., 2012; Lillig 
et al., 2005; Feng et al., 2006; Johansson et al., 2007; Picciocchi et al., 2007; Rouhier et 
al., 2007; Bandyopadhyay et al., 2008; Couturier et al., 2009; Iwema et al., 2009; Li et al., 
2010; Couturier et al., 2011; Yeung et al., 2011).  This cluster can be transferred to apo-
protein ferredoxin (Yeung et al., 2011; Vranish et al., 2016).  Despite its ability to transfer 
clusters to apo-proteins, the role of Grx4 in Fe-S cluster metabolism is unclear.  Genetic 
studies show that the deletion of grxD is synthetically lethal in combination with deletion 
of the isc operon (Butland et al., 2008).  E. coli Grx4 can also rescue yeast cells deficient 
in Grx5 has also been associated with Fe-S cluster metabolism (Rodriguez-Manzaneque et 
al., 2002).  Monothiol glutaredoxins found in the plant Arabidopsis thaliana and yeast 
Saccharomyces cerevisiae (yGrx3) have been shown to transfer its cluster to the A-type 
carrier IscA and SufA (Mapolelo et al., 2013).  However, this has not been shown in E. 
coli.  Our goal in this work is to test if E. coli Grx4 can also transfer its cluster to E. coli 
A-type carrier proteins thereby providing a novel Fe-S cluster trafficking pathway in E. 
coli.  
 
MATERIALS AND METHODS 
Protein Expression and Purification 
The pRSF-Duet-1 (Novagen) containing the open reading frame of E. coli grx4 (grxD) was 
created by Adrienne Dlouhy (courtesy of Dr.  Caryn Outten, University of South Carolina, 
Department of Chemistry and Biochemistry) and named “RSFDuet-1-Grx4” (Dlouhy et 
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al., 2016).  pRSFDuet-1-Grx4 containing cells were induced via an IPTG promoter with 
500 µM IPTG in order to over-express the Grx4 in BL21(DE3) cells.  Four liters of cells 
were cultured at 37 °C to an OD 600 nm of 0.6 to 0.8 before IPTG induction at 18 °C 
overnight.  Cells were collected via centrifugation and stored at -80 °C.  Cell pellets were 
re-suspended in 25 mM Tris-HCl, pH 7.5, 10 mM bME, 100 mM NaCl and 1 mM 
phenylmethanesulfonyl fluoride (PMSF) then lysed via sonication.  Cellular debris was 
mixed with streptomycin sulfate and centrifuged at 16,000 rpm at 4 °C.  Cleared cell lysate 
was loaded onto a Q Sepharose ionic exchange column pre-equilibrated with 25 mM Tris-
HCl, pH 7.5, 10 mM bME, and 100 mM sodium chloride (NaCl).  E. coli Grx4 was eluted 
using a linear gradient starting with Buffer A (25 mM Tris-HCl, pH 7.5, 10 mM bME, and 
0 M NaCl) to Buffer B (25 mM Tris-HCl, pH 7.5, 10 mM bME, and 1 M NaCl).  Eluted 
protein was loaded onto a Phenyl FF column pre-equilibrated with 25 mM Tris-HCl, pH 
7.5, 10 mM bME, and 1M NH4SO4 (ammonium sulfate).  Grx4 was eluted using a linear 
gradient starting from 1 M NaCl to 0 M NH4SO4.  SufA eluted at 75% of Buffer B (25 mM 
Tris-HCl, pH 7.5, 10 mM bME, and 0 M NH4SO4) was diluted and then loaded onto the 
Superdex 75 size exclusion column.  Pure protein was concentrated and stored at -80 °C. 
The pBADmycHisC vector containing the sufABCDSE operon (Outten et al., 2003) 
was induced via an inducible arabinose promoter with 0.2 % arabinose in order to over-
express SufBC2D in BL21 (DE3) cells and purified as previously describes (Layer et al., 
2007).  Four liters of cells were cultured at 37 °C to an OD 600 nm of 0.6 to 0.8 before 
arabinose induction at 18 °C overnight.  Cells were collected via centrifugation and stored 
at -80 °C.  Cell pellets were re-suspended in 25 mM Tris-HCl, pH 7.5, 10 mM bME, 100 
mM NaCl and 1 mM phenylmethanesulfonyl fluoride (PMSF) then lysed via sonication.  
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Cellular debris was mixed with streptomycin sulfate and centrifuged at 16,000 rpm at 4 °C.  
Cleared cell lysate was loaded onto a Phenyl FF column pre-equilibrated with 25 mM Tris-
HCl, pH 7.5, 10 mM bME, and 1 M (ammonium sulfate) NH4SO4.  SufBC2D was eluted 
using a linear gradient starting from 1 M NH4SO4 to 0 M NH4SO4.  Eluted protein was 
diluted and then loaded onto a Q Sepharose ion exchange column pre-equilibrated with 25 
mM Tris-HCl, pH 7.5, 10 mM bME, and 100 mM NaCl.  SufBC2D was eluted using a 
linear gradient starting with Buffer A (25 mM Tris-HCl, pH 7.5, 10 mM bME) to Buffer 
B (25 mM Tris-HCL, pH 7.5, 10 mM bME, and 1 M NaCl).  Eluted protein was 
concentrated and loaded onto a the Superdex 200 size exclusion column with 25 mM Tris-
HCL, pH 7.5, 10 mM bME, 100 mM NaCl buffer.  Pure protein was concentrated and 
stored at -80 °C.  Protein standards (GE Healthcare) were also re-suspended in 25 mM 
Tris-HCl, pH 7.5, 10 mM bME, 100 mM NaCl buffer and run using the Superdex 200 size 
exclusion column. 
 
In vitro Reconstitution of Grx4/GrxD 
Apo-proteins or proteins that do not contain an Fe-S cluster were treated with a 50-
fold molar ratio of EDTA and 20-fold molar ratio of ferricyanide between 10 to 60 minutes 
on ice followed by desalting (Kennedy and Beinert, 1988).  Apo-protein (1 mM) was 
incubated in the anaerobic chamber in up to 500 µl of reconstitution buffer (25 mM Tris-
HCl, pH 7.5, 10 mM bME, and 100 mM NaCl) plus 5 mM DTT and 2 mM glutathione 
(GSH).    Then a catalytic amount of SufS and SufE (4 µM) was added before adding 8- 
fold excess of ferrous ammonium sulfate and a 10-fold excess of L-cysteine.    After 30 
minutes to an hour, cluster formation was monitored by UV-visible absorption 
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spectroscopy.  The mixture was loaded onto a 1 ml Q FF column pre-equilibrated with 25 
mM Tris-HCl, pH 7.5, 10 mM bME, and 0mM to 100 mM NaCl (without DTT).  The 
column was washed with reconstitution buffer before elution with 25 mM Tris-HCl, pH 
7.5, 10 mM bME, and 500 mM to 1 M NaCl (without DTT).  
Iron content was determined using the ferrozine assay (Riemer et al., 2004).  Size 
exclusion measurements were calibrated using known molecular weight determination 
standards and calculated using an equation obtained by the standard curve.  UV-visible 
absorption spectra were recorded using a Beckman DU-800 spectrophotometer.  CD 
spectra were recorded under anaerobic conditions using a Jasco J-815 spectropolarimeter 
(Jasco, Hachioji, Japan) using a 1 cm cuvette.   
X-band EPR samples (300 µl total volume) containing 300 to 600 µM total iron 
were reduced with 5 mM DTT (final concentration) for approximately 10 minutes before 
storing sample in liquid nitrogen.  Spectra were recorded using a Bruker EMX plus 
spectrometer (~9.4 GHz, Bruker, Billerica, MA) equipped with an ESR900 continuous 
flow cryostat (Oxford Instruments, Concord, MA)   at 4 K, 35 K, and 70 K.  The amount 
of spin for each sample was calculated under non-saturating conditions at 35 K using 
double integration values of the samples and 1mM Cu EDTA standard. 
 
Fe-S Cluster Transfer Monitored by Circular Dichroism 
As a control, the appropriate holo-protein (donor) alone (80 µM iron content, 40 
µM cluster) was scanned at 0- and 1-hour at 25 °C in a 1 cm path length anaerobic cuvette 
using a JASCO J-815 spectrometer. For transfer reactions, 80 µM of apo-protein (acceptor) 
was added to the holo-protein donor (80 µM iron content, 40 µM cluster) at a total volume 
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of 300 µl in 25 mM Tris-HCl (final salt concentration between 100 to 200 mM NaCl).  The 
Fe-S cluster transfer was monitored by CD every 10 minutes for 1 hour at 25 °C in a 1 cm 
path length anaerobic cuvette using a JASCO J-815 spectrometer.  These same conditions 
were used for all combinations of holo-donor and apo-acceptor proteins shown in the 
Results. 
 
RESULTS  
Characterization of E. coli Grx4 
E. coli Grx4 has a distinct UV-visible and CD (circular dichroism) spectra in the 
300 nm to 600 nm range (Figure 5.2) and represents the Fe-S cluster coordination 
environment of the protein.  As-purified Grx4 does not show distinct UV-visible peaks at 
320 nm or 420 nm.  The theoretical monomeric weight according to the amino acid 
sequence of Grx4 is approximately 12.9 kDa.  Size-exclusion chromatography using 
protein standards of known molecular weight and diameter determined the as-purified 
oligomeric state of Grx4 to be a 21.6 kDa dimeric protein (Figure 5.3; Table 5.1). 
 
Reconstitution of as-purified E. coli Grx4 
As purified E. coli Grx4 was reconstituted by incubation with ferrous ammonium 
sulfate, L-cysteine, dithiothreitol, SufS, SufE, and glutathione.  The UV-visible absorption 
spectrum was monitored over time during the reconstitution of E. coli Grx4 (Figure 5.4).  
The reconstitution reaction of Grx4 showed low-level formation of thio-ferrates, or iron-
sulfur chain, byproducts.  This side reaction can be monitored by an increase in absorption  
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Figure 5.2 (A) Comparison of UV-visible absorption and (B) CD spectra of as-purified 
E. coli Grx4. 
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Table 5.1 Biochemical properties of E. coli Grx4 
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Figure 5.3 Size-exclusion chromatography of Superdex 75 (A) calibration standard 
proteins and (B) E. coli Grx4 with standards. 
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Figure 5.4 UV-visible monitored Fe-S cluster formation onto E.coli Grx4.  
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at 600 nm.  E. coli Grx4 reconstitution reaches completion after approximately 60 minutes 
(Figure 5.4 A). The reaction was purified using an ionic exchange Q-Sepharose column in 
order remove byproducts from the reconstituted holo-protein.  
 
Characterization of reconstituted A-Type carrier proteins 
 The UV-visible spectra of purified holo-Grx4 produces an intense shoulder peak at 320 
nm and a peak at 420 nm which is indicative of a [2Fe-2S] cluster (Figure 5.5 A).  The CD 
spectra of purified holo-Grx4 is more intense and shows peaks at 310 nm, 460 nm, and 555 
nm suggesting that the protein contains a higher amount of iron in comparison to the as-
purified sample (Figure 5.5 B).  After removing byproducts, the iron per monomer of holo-
Grx4 was calculated as 1.59.  The stability of E. coli Grx4 was observed using CD after 1 
hour.  The CD spectra did not change indicating that E. coli Grx4 is stable enough at room 
temperature in order to proceed with further studies (Figure 5.6).  
Electron paramagnetic resonance (EPR) can be used to determine the cluster type 
assembled onto E. coli Grx4.  At a higher temperature of 70 K, Grx4 has more distinct 
features whereas the EPR spectra is saturated at 4 K.  These features are indicative of a 
[2Fe-2S] 1+ reduced cluster which has a slower relaxation time in comparison to a [4Fe-4S] 
cluster (Figure 5.7).  The g-values of E. coli Grx4 2.01, 2.01, and 1.96 produce an axial 
EPR spectra.  Using the double integration values of a non-saturated 1 mM Cu EDTA 
standard, the spin per mole of cluster was determined for E. coli Grx4 treated with a 5 mM 
DTT (final concentration) for 10 minutes to produce 0.3 % spin per mole of cluster. 
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Figure 5.5 (A) UV-visible absorption and (B) CD spectra of purified reconstituted E. coli 
Grx4. 
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Figure 5.6 (A) CD-monitored spectra of purified reconstitution E. coli Grx4. 
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Figure 5.7 (A) Comparison of EPR spectra of [2Fe-2S] cluster of E. coli Grx4. 
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[2Fe-2S] cluster transport between E. coli Grx4 
The CD spectra of [2Fe-2S] Grx4 shows a decrease in the 450 nm region in the 
presence of apo-ErpA suggesting that the cluster may partially be transferred to apo-ErpA 
(Figure 5.8 A).  The overall change in CD spectra shows that 90 % of cluster can be  
transferred to apo-ErpA.  A one-phase association curve provided a 0.9946 correlation 
coefficient and a K value of 0.1032.  The concentration of cluster (M-1) was used in order 
to calculate the Kon value of 2580 M-1 cm-1 (Figure 5.8 A).  The overall change in the CD 
spectra shows that holo-Grx4 preferentially transfers its [2Fe-2S] cluster to IscA after 20 
minutes.  A one-phase association curve provided a 0.9976 correlation coefficient and a K 
value of 0.1729.  The concentration of cluster (M-1) was used in order to calculate the Kon 
value of 4323 M-1 cm-1 (Figure 5.8 B).  The transfer to apo-SufA was also fit to a one-phase 
association curve with a correlation coefficient of 0.9941 and K value of 0.1394.  The 
concentration of cluster (M-1) was used in order to calculate the Kon value of 3485 M-1 cm-
1 (Figure 5.8 C).  The maximum percentage of transfer to apo-IscA is 100 %, 80 % to apo-
SufA, and 90 % to apo-ErpA after 40 minutes (Figure 5.8).   
In order to determine whether this process was bi-directional, the transfer was 
monitored in the reverse direction.   The CD spectra of holo-ErpA did not change indicating 
that it was not able to transfer its cluster to apo-Grx4 (figure 5.9 A).  No model provided 
accurate fitting and kinetic analysis was not obtained.  Kinetic analysis using an association 
then dissociation curve of holo-IscA to apo-Grx4 resulted in a 0.9569 correlation 
coefficient.  Also, holo-IscA was able to transfer a maximum of 9 % of its cluster to apo-
Grx4 after 30 minutes (figure 5.9 B).  While, holo-SufA did not show a linear increase in 
its CD spectra in the 450 nm region, but did show a decrease in the 320 nm region.  This  
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Figure 5.8 CD-monitored spectra of holo-Grx4 to (A) apo-ErpA, (B) apo-IscA, and (C) 
apo-SufA.  
A  
B  
C  
129	  
	    
	    
	    
Figure 5.9 (A) CD-monitored spectra of (A) holo-ErpA, (B) holo-IscA, and (C) holo-SufA 
to apo-Grx4.  
A  
B  
C  
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suggests that if holo-SufA can transfer its cluster to apo-Grx4 it is at low levels of 10 % 
after 60 minutes (Figure 5.9 C).  No model provided accurate fitting and kinetic analysis 
was not obtained.   
 
DISCUSSION 
E. coli Grx4 has been previously shown to coordinate a [2Fe-2S] cluster (Dlouhy 
et al., 2016).  Plant chloroplast Arabidopsis thaliana (At) GrxS14 can transfer virtually all 
of its [2Fe-2S] cluster to the Arabidopsis thaliana SufA in less than 3 minutes.  The 
nitrogen fixation bacteria Azotobacter vinelandii Grx-nif can also transfer most of its [2Fe-
2S] cluster to the Azotobacter vinelandii IscA.  The rate of transfer to IscA occurs at a 
slower rate (Mapolelo et al., 2013).  Both monothiol glutaredoxins found in plant 
chloroplast (GrxS14) and yeast Saccharomyces cerevisiae (Grx3) can transfer its cluster to 
the bacterial Azotobacter vinelandii IscA at a faster rate similar to that observed with At 
GrxS14 and At IscA.  Similarly, our results show that E. coli Grx4 preferentially transfers 
its [2Fe-2S] cluster to apo-IscA but at a slower rate when compared to those published for 
Arabidopsis thaliana (At) GrxS14.  This may be explained by incomplete reduction to apo-
proteins preventing rapid transfer.  Our results show that the transfer process between the 
A-type carrier proteins ErpA, IscA, and SufA to E. coli Grx4 are not bidirectional.  This 
result is expected and is supported by the lack of cluster transfer to other monothiol 
glutaredoxins from reconstituted bacterial Azotobacter vinelandii IscA (Mapolelo et al., 
2013). 
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